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SUMMARY 

A survey and c r i t i c a l  e v a l u a t i o n  of e x i s t i n g  methods f o r  t h e  s y n t h e s i s  of f a t t y  
a c i d s  and l i p i d s  from metabol ic  wastes under cond i t ions  of space t r a v e l  has  been 
completed. An e z t e n s i v e  l i t e r a t u r e  sea rch  w a s  conducted and the  cand ida te  
processes  were eva lua ted  from t h e  s t a n d p o i n t s  of chemical f e a s i b i l i t y  and n u t r i -  
t i o n a l  v a l u e  of t he  products .  The only  p romis ing ' rou te  involved  s y n t h e s i s  of 
e thy lene  from carbon monoxide, po lymer iza t ion  t o g - o l e f i n s  2 t he  Z i e g l e r  growth 
r e a c t i o n ,  convers ion  t o  f a t t y  a c i d s  by ox ida t ive  ozono lys i s  and combination w i t h  
g l y c e r o l  t o  form e d i b l e  g l y c e r i d e s .  

cL 

3 

A f i r s t  approximation eng inee r ing  des ign  was made and some rough e s t i m a t e s  of 
power requi rements  were drawn up. The system was found t o  be ex t remely  complex 
and u n r e l i a b l e .  Hence i t  is  n o t  recommended as a method f o r  food p repa ra t ion  on 
board a space c r a f t .  

Four methods f o r  t h e  s y n t h e s i s  of g l y c e r o l  were d iscovered .  The most promising 
are base  c a t a l y z e d  t r i m e r i z a t i o n  of formaldehyde followed by hydrogenation and 
hydrogenolys is  of h i g h e r  suga r s  which may be  prepared by c o n t r o l l e d  polymer iza t ion  
of formaldehyde. The s y n t h e s i s  of g l y c e r o l  i s  much less complicated than  f a t t y  
a c i d  product ion  and hence i s  a recommended a l t e r n a t e .  

A ser ies  of recommendations f o r  f u r t h e r  r e sea rch  and development were drawn up. 
These a r e  mostly i n  t h e  area of eng inee r ing  and n u t r i t i o n .  



INTRODUCTION 

The suppor t  of l i f e  i n  space p r e s e n t s  many and v a r i e d  problems. Two of 
The magnitude t h e  most p r e s s i n g  of t h e s e  a r e  food supp ly  and waste gas d i s p o s a l .  

of t h e s e  combined problems i s  apparent  from Table 1. 

Food Req. 

C 0 2  Adsorbent 
c02 Output 

Per Man/Day 3 Y r .  T o t a l  f o r  10 Man Crew 

1.2 - 1.8 l b s .  12,000 - 19,500 l b s .  
2.5 l b s .  27,300 l b s .  
2.6 - 4.25 l b s .  28,500 - 46,500 l b s .  

T o t a l  67,800 - 93,300 l b s .  

Table 1 - Food Requirements and 
i n  Closed Environment 

For miss ions  of long d u r a t i o n ,  c o n t r o l  of C02 combined w i t h  0 2  regener -  
a t i o n  becomes a v i r t u a l  n e c e s s i t y .  
been devised(’, 5 y  9 3  lo). Under such c o n d i t i o n s  t h e  major weight c o n t r i b u t i o n  t o  
l i f e  support  becomes s t o r e d  food. In  miss ions  exceeding two yea r s  t h i s  may amount 
t o  85% of t h e  e n t i r e  l i f e  suppor t  

A v a r i e t y  of methods f o r  C 0 2  r educ t ion  have 

The i n t r i g u i n g  p o s s i b i l i t y  of c o n t r o l l i n g  waste m a t e r i a l s  by conve r t ing  
them t o  f o o d s t u f f s  i s  i n  t h e  i n f a n t  s t a g e  of development. Seve ra l  schemes have 
been proposed inc lud ing  rowth of p l a n t s  ( i n c l u d i n g  a l g a e  and 
Hydro enomonas b a c t e r i a ( ”  5 - 7 ) ,  secondary systems invo lv ing  growth of f i s h  on 
algae?”) , and chemical s y n t h e s i s  of c a r b o h ~ d r a t e s ( ~ ,  7 ,  , p r o t e i n s ( ” ’  12)  and 
var ious  nonfa t  energy  sources  s u  h a s  g l y c e r o l ( 5 ,  7 ,  131, 1 , 3 - b ~ t a n e d i o l ( l ~ - ~ ~ )  
and 2,4-dimethylheptanoic a c i d (  15) .  The chemical p rocesses  have c e r t a i n  
advantages over t h e  b i o l o g i c a l  systems. P o t e n t i a l l y ,  a t  l e a s t ,  they  a r e  more 
e f f i c i e n t  i n  t h e  use of raw m a t e r i a l s ,  energy  and space and y i e l d  l e s s  i n e d i b l e  
waste m a t e r i a l s .  A chemical p rocess  i s  i n h e r e n t l y  more r e l i a b l e .  More c o n t r o l  
may be e x e r t e d  over r e a c t i o n  v a r i a b l e s ;  chemicals a r e  n o t  s u s c e p t i b l e  t o  d i s e a s e ,  
mutation o r  v i r u s  a t t a c k .  F i n a l l y ,  chemical systems make use of hydrogen, a by- 
product of oxygen recovery  by water  e l e c t r o l y s i s .  Th i s  pe rmi t s  maximum m a t e r i a l  
and energy conse rva t ion .  Only hydrogenomomas, of t h e  proposed b i o l o g i c a l  p r o c e s s e s ,  
makes use of hydrogen. 

5-8y l o ) ,  

In  a d d i t i o n  t o  t h e  schemes a l r e a d y  mentioned, t h e  p o s s i b i l i t y  remains of 
syn thes i z ing  e d i b l e  f a t s ,  p a t t e r n e d  a f t e r  n a t u r a l  m a t e r i a l s ,  from C02 o r  i t s  
reduct ion  product,CO. Th i s  r e p o r t  i s  concerned w i t h  such a p o s s i b i l i t y .  

Human Energy Requirements - Advantages of F a t s  

The energy requi rements  f o r  v a r i o u s  a c t i v i t i e s  du r ing  a f l i g h t  miss ion  
a r e  given i n  Table 2(16) .  Based upon such  a n a l y s e s  allowances of 2500(10) and 

2 



Energy Expenditure 
T o t a l  

Per- - - Time Rate formance 
A c t i v i t y  - h r  . c a l o r i e s / m i n .  c a l o r i e s  

- 

Sleep 7 
Quiet  S i t t i n g  o r  S tanding  12 
Ins t rumenta t ion  2 

1 Tasks 2 
4 Moderate Work 1 

I Complex Neuromuscular 

1 . 2  
1.5 
1.8 

2.6 
7.0 

504 
1080 

216 

3 1 2  
42 0 

Table 2 - Energy Requirements f o r  Various 
A c t i v i t i e s  d u r i n g  Space F l i g h t ( l 6 ) .  

2800(4) c a l o r i e s *  per  man-day have been suggested f o r  space c r a f t  energy requireme t s .  

a r e  by f a r  t h e  most economical sou rces  of energy. Even when allowance i s  made f o r  
t h e  e x t r a  oxygen r equ i r ed  f o r  complete o x i d a t i o n ,  f a t s  posses s  a c l e a r  advantage 
from a weight s t andpo in t .  

F a t s ,  which provide  9.3 c a l . / g .  VS.  4 .1  C a l - / g .  f o r  ca rbohydra t e s  and p r o t e i n s ,  (177 

Weight p e r  1000 C a l o r i e s  (16) 
Substance Food (gm.) Oxygen ( s m .  1 T o t a l  (gm.) 

Carbohydrate (Sucrose)  253 284 537 
413 - Fa t  ( T r i - o l e i n )  106 307 

Savings i n  weight f o r  f a t  (1000 c a l o r i e s )  124 gin. 

I n  a d d i t i o n ,  f a t s  a r e  welcome a d d i t i o n  t o  t h e  d i e t  bo th  from t h e  s t andpo in t  of 
t a s t e  and hunger s a t i s f a c t i o n .  F i n a l l y ,  t h e  inco rpora t ion  of a t  l e a s t  smal l  
q u a n t i t i e s  of f a t t y  a c i d s  i n  t h e  d i e t  may be e s s e n t i a l ( 1 8 y  1 9 ) .  
however, c e r t a i n  l i m i t a t i o n s  t o  t h e  amount of n a t u r a l  f a t s  which may be consumed. 
An upper l i m i t  of 50% of t o t a l  c a l o r i e s  has  been sugges ted(16) .  
d i s c u s s i o n  of f a t  requi rements  i s  given below. 

There a r e ,  

A more d e t a i l e d  

Statement of t h e  Problem 

The purpose of t h i s  s tudy  was t o  survey and c r i t i c a l l y  eva lua te  methods 
f o r  t h e  p roduc t ion  of e d i b l e  f a t s  from metabol ic  was tes  by chemical means under 
c o n d i t i o n s  of space  t r a v e l .  F ive  s t e p s  a r e  involved i n  such a process .  

1. Conversion of c02 t o  Co. 
2 .  Reduction and polymer iza t ion  o f  CO t o  hydrocarbons i n  t h e  

f a t t y  a c i d  range. 
3 .  Conversion t o  f a t t y  a c i d s .  
4. S y n t h e s i s  of g l y c e r o l .  
5 .  E s t e r i f i c a t i o n  t o  form g lyce r ides .  

* Here and throughout  t h i s  r e p o r t  " ca lo r i e s "  are K-ca lo r i e s .  

3 



The p r o j e c t  r equ i r ed  (1) a l i t e r a t u r e  sea rch  i n t o  c u r r e n t  technology f o r  convers ion  
o f  gases ( e s p e c i a l l y  C02) t o  e d i b l e  f a t s ,  (2) a judgment a s  t o  t h e  bes t  method 
w i t h  c o n s i d e r a t i o n  of y i e l d ,  t e c h n i c a l  f e a s i b i l i t y ,  weight ,  volume and power r e -  
quirements,  and s a f e t y ,  ( 3 )  a n u t r i t i o n a l  e v a l u a t i o n  of t h e  p roduc t s  of t h e  v a r i o u s  
approaches and recommendations concern ing  the  maximum l e v e l s  a t  which t h e  s y n t h e t i c  
f a t  might be inco rpora t ed  i n  t h e  d i e t  and ( 4 )  recommendations f o r  f u t u r e  r e s e a r c h  . 
and development. 

Approach - Assumptions 

A comprehensive l i t e r a t u r e  s e a r c h  was c a r r i e d  out  t o  uncover methods of 
polymerizing CO s e l e c t i v e l y  t o  h igh  y i e l d s  of hydrocarbons o r  hydrocarbon d e r i v -  
a t i v e s  i n  t h e  u s e f u l  molecular weight range ( C ~ O - C ~ O ) .  Concurren t ,  bu t  s e p a r a t e ,  
searches  were conducted i n  t h e  a r e a s  of cO2 r e d u c t i o n ,  convers ion  of hydrocarbons 
t o  a c i d s ,  g l y c e r o l  s y n t h e s i s ,  convers ion  of g l y c e r i d e s , n u t r i t i o n  of s y n t h e t i c  f a t s  
and of t he  problems a s s o c i a t e d  w i t h  a w e i g h t l e s s  environment. 

I n  o rde r  t o  conduct an e f f i c i e n t  s e a r c h ,  some rough n u t r i t i o n a l  guide- 
l i n e s  were set  up concerning t h e  p o t e n t i a l  u se fu lness  of v a r i o u s  f a t t y  m a t e r i a l s .  
These were a r r i v e d  a t  by c o n s u l t a t i o n  w i t h  n u t r i t i o n  e x p e r t s  and by an examination 
of the l i t e r a t u r e  on t h e  German s y n t h e t i c  f a t  program c a r r i e d  ou t  d u r i n g  World War 
11. The g e n e r a l i z a t i o n s  agreed upon a r e  g iven  below. 

1. 

2. 

3 .  

4 .  

5. 

6 .  

Hydroxy and k e t o  a c i d s  a r e  u n s a t i s f a c t o r y  mainly 
from t h e  s t a n d p o i n t s  of odor ,  c o l o r  and f l a v o r .  
Branched cha in  m a t e r i a l s  a r e  no t  a s s i m i l a t e d  w e l l ,  
e s p e c i a l l y  i f  t h e  s i d e  cha ins  a r e  of C2 o r  l a r g e r .  
F a t t y  a c i d s  wi th  odd numbers of carbon atoms a r e  
metabolized bu t  perhaps  not  q u i t e  s o  w e l l  a s  
n a t u r a l  f a t s .  
Odor and f l a v o r  a r e  f u n c t i o n s  of t h e  amounts of 
branched cha in  and m u l t i - f u n c t i o n a l  compounds 
p r e s e n t .  C a r e f u l l y  r e f i n e d  p roduc t s  appeared t o  
be accep tab le .  

optimum. 
F a t t y  a c i d s  of. carbon numbers Cl0 - 
a c i d s  may be t o l e r a t e d .  
Dicarboxyl ic  a c i d s  a r e  u n d e s i r a b l e .  

Small amounts of h ighe r  and ower are 

A p re l imina ry  r a t i n g  of a l l  methods w a s  made on t h e  b a s i s  of t h e  above n u t r i t i o n a l  
g u i d e l i n e s  and over  a l l  y i e l d  of u s e f u l  p roduc t s .  The cand ida te  systems which 
passed t h i s  s c reen  were then  t o  be f u r t h e r  eva lua ted  from eng inee r ing  c r i t e r i a  and 
t h e  most promising p rocess  selected.  (However, t h e  system s e l e c t i o n  was a c t u a l l y  
made on the  b a s i s  of y i e l d  and n u t r i t i o n a l  va lue  a l o n e ;  on ly  t h e  Z i e g l e r  polymer- 
i z a t i o n  of e thy lene  was deemed f e a s i b l e ) .  

I n  o rde r  t o  f a c i l i t a t e  t h e  fo rmula t ion  of r e s e a r c h  and development 
recommendations, a rough, f i r s t  approximation eng inee r ing  s tudy  of t h e  p rocess  was 
conducted. On t h e  b a s i s  of t h i s  recommendations were drawn up concern ing  t h e  
f e a s i b i l i t y  of i nc lud ing  a f a t  s y n t h e s i s  sub-system a s  p a r t  of a c losed  c y c l e  r e -  
covery loop on a space c r a f t .  Areas r e q u i r i n g  f u r t h e r  r e s e a r c h  i n  chemis t ry ,  
engineer ing  and n u t r i t i o n  a r e  i n d i c a t e d .  

4 



Crew and Mission Model 

1 

A s  a working model t h e  fo l lowing  assumptions were made concerning t h e  
crew and mission type.  The recommendations given below a r e  n o t  r e s t r i c t e d  t o  t h i s  
model. I n  f a c t ,  t h e  s y n t h e s i s  of f a t  would be much more a p p l i c a b l e  t o  miss ions  of 
longer  d u r a t i o n  and g r e a t e r  crew s i z e .  

Crew: 10 Men 
Mission: Grea te r  t han  one year  
Grav i ty :  Zero o r  Limited 
Power: Nuclear 
Cabin Environment: A i r  

Raw M a t e r i a l s  Avai lab le  

The fo l lowing  m a t e r i a l s  were assumed a s  a v a i l a b l e  from o t h e r  sub-systems 
on board t h e  space c r a f t :  

Requirement f o r  t h e  System 

Based upon t h e  above c o n s i d e r a t i o n s ,  t h e  sub-system d i scussed  below was 
designed t o  produce up t o  5 Ib .  of f a t  per  day (0.5 lb/man for  a 10 man crew). 
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TECHNICAL DISCUSS ION 

The key s t e p  i n  any s y n t h e s i s  scheme i s  t h e  r e d u c t i v e  polymer iza t ion  of 
CO or ~ 0 2  (whether i n  a s i n g l e  s t e p  o r  m u l t i p l e  s t e p s )  t o  s t r a i g h t  cha in  m a t e r i a l s  
of moderate molecular weight .  Consequently,  t h e  major e f f o r t  of t h e  l i t e r a t u r e  
search  was devoted t o  t h i s  a spec t  of t h e  problem and no a t tempt  was made t o  devise  
subsequent ope ra t ions  (such a s  o x i d a t i o n  t o  f a t t y  a c i d s )  u n t i l  t h e  most promising 
polymer iza t ion  methods had been e s t a b l i s h e d .  Af t e r  a b r i e f  h i s t o r i c a l  review, 
t h e r e f o r e ,  t h e  t e c h n i c a l  d i s c u s s i o n s  begin wi th  t h i s  key s t e p .  
e s ses  which passed t h e  f i r s t ,  p re l imina ry  screen  w i l l  be d i scussed  any d e t a i l .  
According t o  t h e  format adhered t o  throughout t h i s  r e p o r t ,  the  l e a s t  u s e f u l  methods 
a r e  d iscussed  f i r s t  and most b r i e f l y .  

Only those proc- 

H i s t o r i c a l  - t h e  German Process  

A shor e of f a t s  was exper ienced  by Germany s h o r t l y  be fo re  and du r ing  
World War I I (  20-''y. The German process  c o n s i s t e d  af conve r t ing  CO t o  h ighe r  
molecular weight hydrocarbons by means of t h e  F ischer -Tropsch  P rocess ,  followed 
by ox ida t ion  t o  a c i d s  and convers ion  t o  g l y c e r i d e s  (Figure 1). 

Yield of P u r i f i e d  Product 

( 1 )  nCO + 2nH2 +----.--. -7, CnHzn + nH20 5- 12% 

RC02H a i r  
h e a t ,  c a t .  ' 

CH2 OH CH20COR 
I I Zn 

( 3 )  3RC02H 4- CHOH CHOCOR 
1 hea t  ' I 

40% 

80- 90% 

CH2 OH CH20COR 

Overa 1 1 : 1-4% 

F igure  1. 

The s t a r t i n g  m a t e r i a l  f o r  f a t  p roduc t ion  was a p a r a f f i n  wax f r a c t i o n  of 
t h e  Fischer-Tropsch p rocess  c a l l e d  "gatsch". It c o n s i s t e d  of a f a i r l y  narrow c u t  
of the t o t a l  hydrocarbon product  b o i l i n g  a t  320-45OoC (28) .  
by hydrogenation of carbon monoxide over  i r o n  o r  c o b a l t  c a t a l y s t s ( 2 0 ,  2 1 ,  28).  
I f  i ron was used,  h igh  p r e s s u r e s  were r e q u i r e d .  However, i r o n  gave b e t t e r  y i e l d s  
of the "gatsch" f r a c t i o n ( 2 1 ,  28) .  A t  b e s t ,  however, t h i s  was on ly  5-12% of t h e  
t o t a l  F ischer -Tropsch  product  ( 2 0 ) .  It has been s t a t e d ( 2 1 )  (bu t  no t  demonst ra ted)  
t h a t  h igher  percentages  of "gatsch" could be r e a l i z e d .  However, no th ing  i n  t h e  
voluminous F ischer -Tropsch  l i t e r a t u r e  could  be found t o  s u b s t a n t i a t e  t h i s  c la im.  
Fur the r  d e t a i l s  on t h e  s y n t h e s i s  of hydrocarbons a r e  g iven  below i n  t h e  s e c t i o n . o n  
Fischer -  Trop s c  h. 

Summary of Germany S y n t h e t i c  Fa t  Process  (0) 

"Gatsch" was produced 

he process  f o r  manufacture of f a t t y  a c i d s  involved  f i v e  d i s c r e t e  
s t eps (20 ,  52) : (1) o x i d a t i o n ,  (2 )  s a p o n i f i c a t i o n  t o  form soaps ,  (3 )  p u r i f i c a t i o n  
of t h e  soaps,  ( 4 )  a c i d i f i c a t i o n ,  and (5) f r a c t i o n a t i o n .  
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The o ~ i d a t i o n ( ~ ~ - ~ ~ ,  2 6 ,  2 7 )  was c a r r i e d  ou t  i n  aluminum v e s s e l s ,  t h e  
aluminum appa ren t ly  a c t i n g  a s  a c a t a l y s t ,  by pass ing  a i r  through a mixture  of 
"gatsch", 0.2-0.5% of potassium permanganate and wa te r  a t  1O5-12O0C and atmos- 
p h e r i c  p r e s s u r e .  The a d d i t i o n  of a l i t t l e  sodium o r  potass ium ca rbona te  was s a i d  
t o  improve product  q u a l i t y ( 2 6 ) .  

RCH2CH3 Air:105o %O j$ RCH2 C02H 

I n v a r i a b l y  a complex mixture r e s u l t e d  which contained a l a r g e  percentage  of mul t i -  
f t i n c t i o n a ?  cmpeuzds. To keep t h i s  t o  a mi f i i rn l lm,  t h e  oxFdat ion w a s  t e rmina ted  
a f t e r  30-35% of t h e  hydrocarbon was r e a c t e d ,  t h u s  i n s u r i n g  an excess  of unreac ted  
p a r a f f i n  a t  a l l  t imes.  The c rude  a c i d s  (79%) n e v e r t h e l e s s  conta ined  cons ide rab le  
oxygenated by-products.  This  i s  apparent  from t h e  d i sc repancy  between t h e  saponi- 
f i c a t i o n  and n e u t r a l i z a t i o n  numbers of t h e  crude a c i d s  i n  Table 4 .  The crude a c i d s  
were water-washed and sapon i f i ed  wi th  c a u s t i c  in t h e  presence  of steams t o  c l eave  
esters. The r e s u l t i n g  soap was allowed t o  s e t t l e  and t h e  upper l a y e r s ,  mostly 
unreac ted  hydrocarbons,  were r ecyc led .  The soap was f u r t h e r  p u r i f i e d  by f l a s h  
d i s t i l l a t i o n .  This  p rocess  appa ren t ly  dehydrates hydroxy a c i d s  t o  u n s a t u r a t e s  and 
accounts  f o r  t h e  i o d i n e  va lues  g iven  i n  Table 3 (22) .  
washed w i t h  wa te r  u n t i l  ac id  f r e e  and f r a c t i o n a l l y  d i s t i l l e d  by passage through a 
s e r i e s  of s t i l l s  a t  va r ious  reduced p r e s s u r e s .  
was taken  (up t o  55% of  t h e  c rude  (Table 3 ) .  

The soaps were a c i d i f i e d ,  

A c e n t e r  f r a c t i o n  of c1O-c18 a c i d s  

Acids Bo i l ing  Range 

c3-c10 Up t o  150° 
c10-c16 150-240" 

10-c2 5 240-300 " 
Residue 

Pe rcen t  of T o t a l  

7- 15 
45-55 

2-5 
5-20 

Table 3 - Boi l ing  Range of F a t t y  Acids from 
German P a r a f f i n  Oxidation(26) 

Crude Acids Refined 

S a p o n i f i c a t i o n  va lue  224 257 
N e u t r a l i z a t i o n  eq. 190 255 
Iod ine  va lue  2.3 16.3 
Unsaponif i a b l e  5.6 2 . 6  

Table 4 - A n a l y t i c a l  Constants f o r  German 
Syn the t i c  F a t t y  Acids(22) 

The p u r i f i e d  f a t t y  a c i d s  were converted t o  f a t s  by h e a t i n g  wi th  l y c e r o l  
over  0 .2% of z i n c  o r  t i n  f o r  8 hours  under reduced p r e s s u r e  a t  120-180°C(25) o r  
200-210°C(24) o r  a t  h ighe r  tempera tures  in t h e  absence of c a t a l y s t ( 2 4 ) .  
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CH2 OH CH20COCH2 R 
I 

Zn 
3RCH2C02H + FHOH 120-1802 CHOCOCH2R I 

CH20H 8 h r s  CH2 OCOCH2R - The f r e e  f a t t y  ac id  conten t  was u s u a l l y  l e s s  than  1% a f t e r  t h i s  t r ea tmen t (22 ) .  
The g lyce r ides  were acid-washed, bleached and r e f i n e d .  They were conver ted  t o  
margarine by e m u l s i f i c a t i o n  wi th  20% water .  

added f o r  f l a v o r  and c o l o r  (20y  22f .  Typica l  f low s h e e t s  a r e  given i n  F igs .  2 and 
3. 

The mono- and d i g l y c e r i d e s  p r e s e n t  
served a s  e m u l s i f i e r s .  S a l t  (1-2") and t r a c e s  of  d i a c e t y l  and ca ro tene  were P 

- 
The s y n t h e t i c  f a t  va r i ed  cons ide rab ly  i n  q u a l i t y ( 2 0 ,  24) .  An a n a l y s i s  

of one sample,  brought t o  England a f t e r  World War I1 i s  given i n  Table 5. 

Fa t  
Eng l i sh  a n a l y s i s  

Sapon i f i ca t ion  va lue  227.0 
% F.F.A. N i  1 
Iodine va lue  15.5 
M . P .  34.3" 
Unsaponif i a b l e  4.0% 
Hydroxyl va lue  15.9 
Descr ip t ion  Dul l  brownish c o l o r  , 

Vase l ine - l ike  appear-  
ance a n d ' w i t h  an un- 
p l e  a s  a n t  t a s t e .  

German a n a l y s i s  
228.5 

0.28 
13.8 
34" 

White - v a s e l i n e  - 
l i k e  wi th  a t a s t e  
reminiscent  of 
machine o i l ,  but 
no smell. 

Table 5 - Analys is  of German S y n t h e t i c  F a t ( 2 2 )  

A breakdown of  t h e  f a t t y  a c i d  d i s t r i b u t i o n ,  compared wi th  n a t u r a l  b u t t e r  and 
coconut o i l  i s  given i n  Table 6. 

Type of Acid 
C8 and below 
c10 
c11 
c12 
'13 
'14 
'15 
'16 
'17 
'18 
c19 and c20 

% 

4.2 
12.0 
10.2 
10.5 
8.8 

10.5 
9.5 
8.0 
9.1 

1 7 . 2  

- --- 

Table 6 - Acid Analys is  of German F a t ,  B u t t e r  and coconut  
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The n u t r i t i o n a l  va lue  of t h e  German f a t s  i s  somewhat open t o  ques t ion  
(20, 2 4 ) .  
use fu lness  of such m a t e r i a l s ( 2 0 ) .  Most of t h e  r e p o r t s  were p o l i t i c a l l y  co lored .  
However, i t  appears  t h a t  t h e  German,product was non t o x i c  and had some n u t r i t i v e  
va lue .  One ESSO employee, who r e s i d e d  i n  Witten du r ing  t h e  war a t t e s t s  t o  t h e  
f a c t  t h a t  he and o t h e r s  consumed the  s y n t h e t i c  f a t  f o r  a yea r  o r  more wi th  no ill 
e f f e c t s ( 2 5 ) .  
German work i s  i n t e r e s t i n g  and deserves  f u r t h e r  s tudy(20 ,  22) .  
d i scuss ion  of t h e  problems and advantages of syn the t i c  f a t s  i n  n u t r i t i o n  i s  g iven  
be low. 

Reports  from Germany range from complete suppor t  t o  grave  doubts  of  t he  

q The consensus among American and Engl i sh  obse rve r s  has been t h a t  t he  
A more d e t a i l e d  

3 
A s  shown i n  F igure  1, the  German process  had t o o  low an o v e r a l l  y i e l d  

t o  be u s e f u l  i n  a c losed- loop  r egene ra t ive  system. However, t h e  method had t o  be 
considered and it served a s  a jumping o f €  po in t  f o r  t h e  sea rch  f o r  a s a t i s f a c t o r y  
s y n t h e s i s  scheme. 

A f i n a l  no te  on t h i s  p rocess  i s  appropr ia te .  The Russians have r epor t ed  
us ing  captured  German p l a n t s  f o r  t h e  product ion o f  f a t t y  a c i d s  r ecen t ly (30) .  
Scanty d e t a i l s  a r e  a v a i l a b l e  but  t h e  Sov ie t s  are appa ren t ly  us ing  a l i n e a r ,  l i q u i d  
feeds tock  r a t h e r  than  a waxy "gatsch" f r a c t i o n .  
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REDUCTIVE POLYMERIZATION OF CARBON MONOXIDE 

The conversion of carbon monoxide t o  h igher  molecular  weight ,  f a t t y  
ma te r i a l s  involves  a combination of r educ t ion  and polymer iza t ion .  

T n i s  may be done i n  t h r e e  b a s i c  ways: 
genated hydrocarbons having t h e  c o r r e c t  molecular weight and s t r u c t u r a l  ske l e ton  
d i r e c t l y  i n  one s t e p  ( t h e  F ischer -Tropsch  r e a c t i o n ) ;  ( 2 )  a two s t a g e  p rocess  

des i r ed  molecular weight range (wax c rack ing  and o x i d a t i v e  dehydrogenation) ; (3) 
reduct ion  of carbon monoxide t o  a r e a c t i v e  smal l  o r  medium s i zed  compound ( f o r  
example e t h y l e n e )  which i s  subsequent ly  sub jec t ed  t o  c o n t r o l l e d  polymer iza t ion  
(Ziegler r e a c t i o n ) .  
eva lua t ions  a r e  d i scussed  i n  t h e  fo l lowing  s e c t i o n s .  Of t h e  t h r e e  b a s i c  r o u t e s  
and t h e i r  many v a r i a n t s ,  on ly  t h e  Z i e g l e r  growth r e a c t i o n  of e thy lene  shows 
promise. The Z ieg le r  p rocess  was, t h e r e f o r e ,  s e l e c t e d  f o r  t h e  eng inee r ing  s tudy.  

( 1 )  product ion  of hydrocarbons o r  oxy- 

involving the  s y n t h e s i s  of h ighe r  polymers followed by c rack ing  t o  o l e f i n s  i n  t h e  h 

Each of t h e s e  was examined i n  some d e t a i l .  The r e s u l t s  and 

The F i s c  her-  Trop sch Syn t he s i s  

The b e s t  known method of conve r t ing  carbon monoxide t o  h ighe r  molecular 
weight m a t e r i a l  i s  t h e  Fischer-Tropsch r e a c t i o n  (F-T). A major p o r t i o n  of t h e  
e f f o r t  extended on t h i s  c o n t r a c t  was devoted t o  t h e  i n v e s t i g a t i o n  of t h i s  synthe- 
s i s .  The b a s i c  F-T p rocess  invo lves  t h e  hydrogenation of CO t o  g ive  a mixture  of 
hydrocarbons. By vary ing  t h e  r e a c t i o n  c o n d i t i o n s ,  t h e  n a t u r e  of t h e  r e a c t i o n  
product i s  changed - t h e  format ion  of gaseous,  l i q u i d ,  o r  s o l i d  hydrocarbons,  
o l e f i n s ,  o r  oxygenated p roduc t s  can be promoted by t h e  proper  ad jus tment  i n  c a t a -  
l y s t  type and o p e r a t i n g  cond i t ions .  Perhaps a b e t t e r  way of expres s ing  t h i s  con- 
c e p t  would be t o  say t h a t  t h e  ba lance  among t h e s e  v a r i o u s  p roduc t s  can be a l t e r e d  
by changes i n  r e a c t i o n  c o n d i t i o n s .  It i s  p o s s i b l e  t o  g e t  h i g h l y  s e l e c t i v e  forma- 
t i o n  of i n d i v i d u a l  p roduc t s  a t  t h e  ends of t h e  spectrums: methane, low molecular 
weight a l c o h o l s ,  o r  h igh  molecular  weight hard waxes, bu t  n o t  i n  between. Selec- 
t i v i t y  i s  not  a v i r t u e  of t h e  F-T p rocess  ( see  Table 7 ,  F igu res  2-4) .  One of the 
major o b j e c t i v e s  of t h e  c u r r e n t  survey  was t o  f i n d  whether it would be p o s s i b l e  t o  
f i n d  a v a r i a n t  on t h e  F ischer -Tropsch  p rocess  which would produce, i n  good s e l e c -  
t i v i t y ,  e i t h e r  a f a t t y  a c i d  usab le  i n  e d i b l e  f a t s  o r  a convenient  i n t e r m e d i a t e  f o r  
t h e  syn thes i s  of such a f a t t y  a c i d .  

No Fischer -Tropsch  p rocess  was found which would meet t h e s e  c r i t e r i a .  
NO attempt was made t o  document t h e  e x t e n s i v e  r e s e a r c h e s  i n  t h e  F-T a r e a  i n  d e t a i l ,  
s i n c e  such documentation i s  amply a v a i l a b l e  today.  There a r e  a number o f  e x c e l l e n t  
books, c r i t i c a l  rev iews ,  and b i b l i o g r a p h i e s  on t h e  Fischer-Tropsch p rocess .  In  
p a r t i c u l a r ,  r e f e r e n c e s  31-38. Of t h e s e ,  31, 33, 34, and t o  a l e s s e r  e x t e n t ,  35 
and 37 p resen t  an immense amount of d e t a i l .  

The approach taken  was t o  l e a r n  t h e  g e n e r a l  c o n d i t i o n s  and p roduc t s  of 
Fischer-Tropsch p rocesses  from t h e s e  rev iews ,  and t o  s e a r c h  t h e m - - i n  p a r t i c u l a r ,  
t h e  Bureau of Mines' b ib l iog raph ies - - look ing  p r i m a r i l y  f o r  t h e  unusual v a r i a n t  
which might lead t o  m a t e r i a l s  u s e f u l  f o r  f a t t y  a c i d  s y n t h e s i s .  The r e c e n t  reviews 
of P ich le r  and t h e  Sov ie t s  were r e l i e d  upon f o r  t h e  most up - to -da te  in fo rma t ion .  
However, advantage was taken  of t h e  a v a i l a b i l i t y  of a computer s e a r c h  of r ecen t  
API a b s t r a c t s ,  f o r  t he  y e a r s  1964-April  1966, t o  supplement i n fo rma t ion  ob ta ined  
from the va r ious  c r i t i c a l  reviews. 
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Table 7 - General Summary of Fischer-Tropsch Processes(a) 
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Poss ib l e  Appl ica t ion  t o  F a t t y  Acid Syn thes i s  

The f i r s t  t h ing  t h a t  one might hope t o  g e t  from t h e  F ischer -Tropsch  
s y n t h e s i s ,  and the most d e s i r a b l e  one, w p u l d  be a mixture of s t r a i g h t - c h a i n  f a t t y  
a c i d s  wi th  carbon numbers p r i m a r i l y  i n  t h e  C12-18 r ange - - in  o t h e r  words, something 
t h a t  would approximate t h e  kind of f a t t y  a c i d  that  i s  a c o n s t i t u e n t  of e d i b l e  
n a t u r a l  f a t s .  While the Fischer-Tropsch process has  normally been aimed a t  t h e  
production of hydrocarbons,  under c e r t a i n  cond i t ions ,  i t  does produce oxygenated 
m a t e r i a l s ,  and some a c i d s  have been repor ted  among i t s  products (32 ,  6 6 ) .  

Not q u i t e  s o  d e s i r a b l e  would be a s t r a i g h t - c h a i n  f a t t y  a l coho l  ( o r  a lde -  
hyde) i n  the  r i g h t  carbon number range. 
group f o r  convers ion  t o  t h e  f a t t y  a c i d .  One s t ep  less d e s i r a b l e  would be an alpha 
o l e f i n  i n  the  same carbon number range. 

T h i s  would provide a convenient  r e a c t i v e  

Other  p o s s i b i l i t i e s  would inc lude  higher molecular weight mono-olefins,  
w i th  the  double bond i n t e r n a l l y  loca t ed  i n  t h e  carbon c h a i n s  (hope fu l ly  nea r  t he  
middle,  so t h a t  two roughly equal  molecular weight a c i d s  could  be produced on 
o x i d a t i o n ) ,  and, aga in  somewhat l e s s  d e s i r a b l e ,  a normal p a r a f f i n  of s i m i l a r  carbon 
number range.  
be e thy lene ,  which might be produced d i r e c t l y  o r  from the  c rack ing  of h igher  
F ischer -Tropsch  products .  The e thy lene  would then be conver ted  t o  h i g h e r  molecule 
weight p roduc t s  ( see  d i s c u s s i o n  o f  t he  Z i e g l e r  process  below). F i n a l l y ,  one might 
hope t o  be a b l e  t o  run the  Fischer-Tropsch syn thes i s  w i th  carbon d ioxide  a s  s t a r t i n g  
m a t e r i a l ,  r a t h e r  than having t o  conve r t  i t  t o  carbon monoxide. 

Another product which one might hope t o  g e t  from an F-T process  would 

C h a r a c t e r i s t i c s  of the F-T Reaction 

The b a s i c  Fischer-Tropsch r e a c t i o n  i s  e i t h e r :  

CO + 2H2 .-> -(CH2)- + H20 

o r  

2CO + H2 -9 -(CH2)- + CO2 

These two r e a c t i o n s  d i f f e r  by the water gas s h i f t  r e a c t i o n :  

Of t h e  two most impor tan t  F-T c a t a l y s t s ,  Co g i v e s  the  f i r s t  of these 
r e a c t i o n s  p r i m a r i l y ,  t h e  one which forms wa te r ;  Fe can g ive  e i t h e r ,  depending on 
t h e  r e a c t i o n  c o n d i t i o n s .  I n  e s sence ,  t h i s  depends on i r o n ' s  a b i l i t y  t o  c a t a l y z e  
t h e  wa te r  gas  s h i f t .  Normally, t h i s  r e a c t i o n  i s  slow under Fischer-Tropsch condi- 
t i o n s .  However, w i t h  Fe c a t a l y s t s  i t  can  be made t o  t ake  p l a c e .  

A t h i r d ,  r e l a t e d  Fischer-Tropsch r e a c t i o n  i s :  

Th i s  r e a c t i o n  would have obvious appeal on a s p a c e c r a f t ,  i n  which Cog i s  
t h e  source  of carbon. Numerous workers have inves t iga t ed  t h i s  r e a c t i o n ,  and some 
have , indeed ,succeeded  i n  p repa r ing  small  amounts of l i q u i d  hydrocarbons o r  oxy- 
gena ted  m a t e r i a l s ,  b u t  none of t h i s  work g ives  much of a p rospec t  of u t i l i t y  f o r  
making h i g h e r  molecular weight m a t e r i a l  i n  good y i e l d .  
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E f f e c t  of Reaction V a r i a b l e s  and Type of Ca ta lys t  

Some p a r t i a l  g e n e r a l i z a t i o n s  on t h e  e f f e c t s  o f  r e a c t i o n  v a r i a b l e s  a r e  
poss ib l e .  These are i l l u s t r a t e d  i n  Table 8 and F igures  5-8.  Molecular weight  
gene ra l ly  i n c r e a s e s  wi th  p r e s s u r e  up to  a po in t - - appa ren t ly  CO i n s e r t i o n  and 
hydrogenation are be ing  favored--but  u s u a l l y  pas ses  through a peak and f a l l s  o f f  
w i t h  f u r t h e r  i n c r e a s e s  i n  p r e s s u r e ,  a s  v o l a t i l e  metal  ca rbony l s  form. With v e r y  
high p res su res ,  t he  product tends  t o  be almost e x c l u s i v e l y  methane. Higher molecular 
weights a r e  g e n e r a l l y  favored by the  use of  a temperature  as  low as  p o s s i b l e ,  con- 
s i s t e n t  w i t h  r easonab le  r e a c t i o n  r a t e s ;  he re  t e rmina t ion  s t e p s  are a p p a r e n t l y  slowed 

products i s  favored by low temperatures  and h igh  p r e s s u r e s .  Formation of o l e f i n  i s  
favored by l o w  p r e s s u r e ;  temperature  changes have i r r e g u l a r  e f f e c t s  on o l e f i n  c o n t e n t  
of t h e  product .  Feeds r i c h  i n  hydrogen tend t o  g ive  a low-o le f in  product ,  a s  would 
be expec ted ,  a s  w e l l  a s  a r e l a t i v e l y  low molecular weight .  One p o i n t  of i n t e r e s t  
he re  i s  t h a t  P i c h l e r  h a s  r e c e n t l y  shown t h a t  1 - o l e f i n s  a r e  t h e  primary product  of  t h e  
F-T syn thes i s (42 ) .  These can then  undergo i somer i za t ion  t o  i n t e r n a l  o l e f i n s ;  re- 
a d d i t i o n  t o  t h e  c a t a l y s t  t o  g ive  a d d i t i o n a l  growth, as  suggested above (and, depend- 
i n g  on t h e  mode of  a d d i t i o n  t o  t h e  double bond, e i t h e r  a s t r a i g h t - c h a i n  o r  methyl- 
branched product--and n o t e  t h a t  methyl branching i s  a lmost  t he  on ly  k ind  encountered)  
o r  hydrogenation t o  p a r a f f i n .  N i  and Ru c a t a l y s t s ,  t he  s t r o n g e s t  hydrogenat ion 
c a t a l y s t s  i n  t h e  group, tend  t o  g ive  s a t u r a t e d  p roduc t s ;  Co i s  somewhat weaker,  b u t  
s t i l l  g ives  l a r g e l y  p a r a f f i n  a long  w i t h  some o l e f i n ,  and wi th  r e l a t i v e l y  l i t t l e  
branching. I r o n ,  the  weakest hydrogenat ion c a t a l y s t  o f  t h e  f o u r ,  a l lows o t h e r  
r e a c t i o n s  t o  compete more f avorab ly ,  producing more b ranch ing  and more o l e f i n s  than 
t h e  o the r  c a t a l y s t s .  I r o n  a l s o  produces more oxygenated m a t e r i a l s .  However, t h e s e  
a r e  of  low molecular weight (e .g :  e thano l ) .  
can be designed t o  g ive  h igh  y i e l d s  of wax (up t o  70%) b u t  t h i s  i s  m?stly h a r d ,  
b o i l i n g  above 450°C. The s o f t  wax which might be used f o r  f a t t y  a c i d  product  r u n s  
t o  only about  20-30% of  t h e  t o t a l .  

* 

by temperature dec rease  more than  a r e  propagat ion s t e p s .  Formation of oxygenated c 

E i t h e r  c o b a l t  or i r o n  c a t a l y z e d  p rocesses  

Ruthenium i s  a unique Fischer-Tropsch c a t a l y s t .  A t  a tmospheric  p r e s s u r e ,  
i t  does n o t  cause F-T s y n t h e s i s  a t  a l l ;  r a t h e r ,  i t  i s  an  extremely a c t i v e  c a t a l y s t  
f o r  the  r e d u c t i o n  o f  CO o r  C 0 2  t o  methane (47, 48). 
P i c h l e r  t r i e d  t o  make ca rbohydra t e s  by hydrogenat ing CO a t  e l e v a t e d  p r e s s u r e  and 
r e l a t i v e l y  low temperature  t h a t  Ru came i n t o  i t s  own (though ca rbohydra t e s  were no t  
produced). Because of t he  expense involved ruthenium based p rocesses  have n o t  been 
developed t o  t h e  e x t e n t  of c o b a l t  or  i r o n .  However, t h e  unusual p r o p e r t i e s  of  t h i s  
type of  c a t a l y s t  suggested t h a t  i t  might be of  s p e c i a l  i n t e r e s t  f o r  s p a c e c r a f t  a p p l i c a -  
t i o n s .  

I n  the  Fischer-Tropsch r e a c t i o n  a t  300-1000 atm. and about  195"C, Ru 
c a t a l y s t s  g ive  high y i e l d s  of ve ry  high molecu la r  we igh t ,  extremely s t r a i g h t  c h a i n  
paraffin--polymethylene(48-61). R e a c t i v i t y  b e g i n s  somewhere around 10  atm. , l e v e l s  
o f f  near 300 atm.,  and s t a y s  r e l a t i v e l y  c o n s t a n t  t o  1000 a t m . ,  above which i t  
degenerates  t o  a methane-former aga in .  React ion temperature  i s  about  195°C. The 
Ru c a t a l y s t  i s  extremely s e n s i t i v e  to  s u l f u r  po i son ing ,  b u t  i n  the  absence of 
poisons i t  r e t a i n s  i t s  a c t i v i t y  unchanged f o r  l ong  p e r i o d s  of  t i m e .  Recent ly ,  
P i ch le r  has  developed e s p e c i a l l y  a c t i v e  Ru c a t a l y s t s  from RuO4 o r  i r r a d i a t e d  Ru02; 
t he  e a r l i e r  c a t a l y s t  was g e n e r a l l y  Ru02, which was o p t i o n a l l y  pre-reduced.  Kzlbel 
has  c a r r i e d  o u t  t h i s  r e a c t i o n  w i t h  water as  h i s  hydrogen source ,  r a t h e r  than  
molecular H2(55-57). 

However, i t  was on ly  when 

The f i r s t  p o i n t  t o  n o t e  i s  t h a t  ruthenium makes a n  extremely s t r a i g h t -  
cha in  product.  
molecular weight product .  The e a r l i e s t  r u n s  made f r a c t i o n s  as h igh  as  23,000 Mw, 
and more r e c e n t  work has  i s o l a t e d  mater ia l  above 100,000 MW. The s o f t  wax, which 

The second key p o i n t  i s  t h a t  t h e  Ru s y n t h e s i s  g i v e s  most ly  h i g h  
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could be oxid ized  t o  f a t t y  a c i d s  i s  aga in  only  a small p ropor t ion  of the t o t a l  
s o l i d s .  

F a t t y  Alcohols w i th  Ruthenium C a t a l y s t s  

Du Pont p a t e n t  a r t  c la ims  t h a t  f a t t y  a l coho l s  can be made w i t h  Ru c a t a l y s t s .  
One p a t e n t  i n d i c a t e s  t h a t  a mixture  of C3-50 primary a l c o h o l s  can  be ob ta ined  by 

s u r p r i s i n g  i n  l i g h t  of t he  f a c t  t h a t  some of P i c h l e r ' s  e a r l i e s t  work was i n  aqueous 
suspension, and he r epor t ed  g e t t i n g  a normal hydrocarbon product (50) .  
examples of t h e  du Pont case  i n d i c a t e  a product  with a reasonable  amount of m a t e r i a l  
i n  t he  C ~ O +  range. 
some r e a c t i o n  o f  t h i s  s o r t  t ak ing  p l a c e - - c e r t a i n l y  some product i s  r e p o r t e d  i n  the  
one run  c a r r i e d  o u t  i n  wa te r ,  r a t h e r  than an a lcohol - -but  the y i e l d s  a r e  v e r y  poor, 
and t h e  p r e s s u r e s  r equ i r ed  a r e  over 300 atm. 

running t h e  Ru s y n t h e s i s  i n  an aqueous o r  a l coho l i c  medium(@). Th i s  i s  p a r t i c u l a r l y  

Some o f  the 

However, t he  y i e l d s  were extremely low(62).  Perhaps t h e r e  i s  

There a r e  two more r e l a t e d  du Pont pa t en t s .  According t o  t h e  f i r s t ( 6 3 )  
i f  t he  hydroxyl ic -phase  Ru r e a c t i o n  i s  run a t  a b a s i c  pH, the  product  i s  almost 
e x c l u s i v e l y  C2-10 a l coho l .  
s t r o n g l y  a c i d i c  ( l e s s  than l ) ,  t h e  product i s  a high molecular weight  polymethylene. 

According t o  a r e l a t e d  p a t e n t ( 6 4 ) ,  i f  t h e  pH i s  kep t  

As i n d i c a t e d  above, t h e r e  i s  a cons ide rab le  amount of disagreement 
between P i c h l e r ' s  work and t h e  du Pont p a t e n t s .  
i n t e r e s t  i n  t h i s  a r e a ,  and never publ i shed ,  so tha t  i t  i s  hard  t o  t e l l  j u s t  how 
r e l i a b l e  t h e  work i s ;  c e r t a i n l y  the  f a i l u r e  t o  commercialize i s  no i n d i c a t i o n ,  
s i n c e  Ru c a t a l y s t s  a r e  so  c o s t l y  t h a t  t h e i r  use in any massive c a t a l y s t  form would 
be r u l e d  o u t  comple te ly  f o r  a commercial ope ra t ion .  Never the less ,  t h e  e lements  of 
i n t e r e s t  a r e  t h e r e .  Ru makes s t r a i g h t  cha in  m a t e r i a l ,  and i t  might make a l c o h o l s ,  
and t h e  type of product  ob ta ined  might be c o n t r o l l a b l e  by c o n t r o l l i n g  t h e  r e a c t i o n  
medium, pH, e t c .  C e r t a i n l y  a Fischer-Tropsch process which gave good y i e l d s  of 
f a t t y  a l c o h o l s  from CO would be p r e f e r a b l e  t o  the  e t h y l e n e / Z i e g l e r  growth/ozonoly- 
s i s  r o u t e ;  convers ion  of t h e  a l c o h o l s  t o  a c i d s  would be r e l a t i v e l y  s imple.  This 
might be  an a r e a  f o r  f r u i t f u l  r e s e a r c h .  

Du Pont h a s  a p p a r e n t l y  dropped a l l  

A f i n a l  no te  on Ru c a t a l y s i s :  e a r l i e r  work on Ru had employed massive 
amounts of Ru ( i n  the form of Ru02, u s u a l l y ) ,  and had r equ i r ed  v e r y  h igh  p r e s s u r e s .  
I t  was r e p o r t e d  t h a t  Ru c a t a l y s t s  d i d  n o t  respond t o  suppor t s  o r  promoters.  Re- 
c e n t l y ,  however, Bureau of Mines r e s e a r c h e r s  have found t h a t  c a t a l y s t s  c o n s i s t i n g  
of 0.5% Ru on alumina w i l l  c a t a l y z e  the Fischer-Tropsch r e a c t i o n ,  and a t  p re s su res  
much more moderate than those used i n  s tandard  Ru s y n t h e s i s ( 6 5 ) .  Good convers ion  
can be ob ta ined  a t  about 21 atmospheres, as  opposed t o  the s e v e r a l  hundred needed 
i n  the conven t iona l  Ru s y n t h e s i s .  The product  d i s t r i b u t i o n  by b o i l i n g  p o i n t  looks 
ve ry  much l i k e  t h e  s o r t  ob ta ined  w i t h  Co o r  Fe c a t a l y s t s - - a  range of products  from 
methane t o  hard  wax, t h e  r e l a t i v e  p ropor t ions  i n  t h i s  work be ing  ve ry  dependent on 
t h e  feed composi t ion ;  hydrogen-poor f eeds  gave the most wax, whi le  hydrogen r i c h  f eeds  
gave l a r g e l y  methane. 

Conceivably some combination o f  t h i s  process  wi th  the  du Pont work could 
g ive  a d e s i r a b l e  product  f o r  f a t t y  a c i d  manufacture. However, i t  i s  ex t remely  
d i f f i c u l t  t o  s e e  how any process  based on Fischer-Tropsch w i l l  be a b l e  t o  give any 
degree of s e l e c t i v i t y ,  t h a t  would obv ia t e  t h e  need t o  burn up t h e  r e s t  and s t a r t  
aga in .  

O the r  group V I 1 1  me ta l s  have been t e s t e d  as F-T c a t a l y s t s ( 4 9 ) .  Rhodium 
w a s  t h e  o n l y  o t h e r  metal  t h a t  was apprec i ab ly  a c t i v e .  D i f f i c u l t y - r e d u c i b l e  metal  
ox ides  ( t h o r i a ,  CUO, cr203 and A1203)have been examined. They r e q u i r e  h igh  tem- 
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pera tu res  and g ive  p r i m a r i l y  branched hydrocarbons. 

D i rec t  Synthes is  of Acids V i a  Fischer-Tropsch 

Acids and e s t e r s  a r e  sometimes found among t h e  products  of Fischer-Tropsch 
r e a c t i o n s ,  e s p e c i a l l y  wi th  Fe c a t a l y s t s .  Thei r  p ropor t ions ,  however, a r e  normally 

(mainly a c e t i c  a c i d ,  a l though no s p e c i f i c  d a t a  on the product a r e  given)  by i n c l u d i n g  
25-40% C02 i n  the feed t o  an i ron -ca t a lyzed  f l u i d  bed F-T ope ra t ion (66) .  
y i e l d s  a t  b e s t  seem t o  be only  about 15% of the condensed phase product .  

miniscule.  An Esso p a t e n t  c l a ims  a method of improving the y i e l d s  of f a t t y  a c i d s  .. 
Tota l  a c i d  

A 

I n  Summation on Fischer-Tropsch 

There seems l i t t l e  doubt that  a s tandard  Co- o r  Fe-based F-T p l a n t  could 
be used t o  make l a r g e  p ropor t ions  of l i q u i d s ,  which would then  be cracked t o  e thy lene - -  
which can c e r t a i n l y  be done i n  good y i e l d .  However, t h i s  may be done i n  a s i n g l e  s t e p  
a s  d i scussed  below. 

A Co- o r  Fe-based wax process  could be run,  the "Gatsch" sepa ra t ed  and 
oxidized.  Poss ib ly  a v a r i a n t  of t h e  Ru p rocess  could be used, too- -perhaps  t h e  
Bureau of Mines supported Ru c a t a l y s t .  However, i t  does n o t  appear t h a t  s e l e c t i v i t i e s  
t o  s o f t  wax exceeding about  30% a t  b e s t  can be a n t i c i p a t e d .  
m a t e r i a l  would probably no t  be an e f f i c i e n t  source  of ed ib l e - r ange  f a t t y  a c i d s ,  and 
would presumably have t o  be burned back t o  CO and cO2. 
produce p r imar i ly  lower a c i d s ,  would a l s o  probably be burned. A t  t h a t ,  a l l  of t he  
sepa ra t ion  and p u r i f i c a t i o n  problems of "Gatsch"-oxidation would be encountered .  

Higher molecular  weight 

Lower ends,  which would 

While s u b s t a n t i a l  amounts of oxygenates can be ob ta ined ,  e i t h e r  a long  w i t h  
hydrocarbons i n  such processes  a s  Synol ( a l k a l i z e d  Fe) o r  i n  the  h ighe r  a l c o h o l  
syn thes i s  (ZnO-based), t h e  p r e p a r a t i o n  of s t r a i g h t - c h a i n  primary oxygenates  w i t h  
d e s i r a b l e  molecular  weight does n o t  appear l i k e l y ,  un le s s  t h e  Ru/hydroxylic medium 
( o r  perhaps a r e l a t e d  Rh-process) could be developed t o  g ive  b e t t e r  y i e l d s  than a r e  
d i sc losed  i n  du P o n t ' s  p a t e n t s .  It i s  hard  t o  see  how molecular  weiRht s e l e c t i v i t y  
might be achieved by any v a r i a n t  of the F-T p rocess .  

The Fischer-Tropsch p rocess  has  been researched  so e x t e n s i v e l y  t h a t  t h e r e  
seems t o  be l i t t l e  hope f o r  f i n d i n g  a v a r i a n t  which might l ead  t o  u s e f u l  i n t e r -  
mediates.  Examination of over  8,000 r e f e r e n c e s  i n  t h e  Bureau of Mines B i b l i o g r a p h i e s  
(32) af forded  no c l u e s .  
a s  a source of f a t t y  a c i d s  o r  f a t t y  a c i d  i n t e r m e d i a t e s  on a s p a c e c r a f t .  

Consequently t h e  F ischer -Tropsch  p rocess  i s  n o t  recommended 
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Table 8 - E f f e c t  of  Opera t ing  Pressure on A c t i v i t y  and S e l e c t i v i t y  
i n  Fischer-Tropsch Synthes is (a )  
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TEMPERATURE. 'C 

Figure 5 - Effect of Temperature on Figure 6 - Effect. of Temperature 
Hydrocarbon Dis t r i bu t ion ( 33 ) on Functiona;_Eroup 
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Figure 7 - Selectivity as a Function 
of Temperature with Pre- 
cipitated Iron Catalyst, 
1H2 + I C 0  Gas, Space 
Velocity 720 hr-1, and 
12 atm.(33) 
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Figure 8 - Alcohol and Olefin 
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Wax Cracking and Oxida t ive  Dehydrogenation 

A second way t o  o b t a i n  hydrocarbons i n  t h e  d e s i r e d  molecular  weight 
range c o n s i s t s  of conve r t ing  carbon monoxide t o  h igh  polymers and c rack ing  these  
back t o  o l e f i n s .  Since i t  appeared t h a t  

RCH2CH2R ___$ RCH=CHz -I- R '  CH=CH2 

polymers which have a h igh  degree of l i n e a r i t y  could be produced by t h e  F i sche r -  
Tropsch s y n t h e s i s ,  e s p e c i a l l y  wi th  ruthenium c a t a l y s t s ,  the c rack ing  r o u t e  a t  f i r s t  
looked a t t r a c t i v e .  I t  would provide a convenient method o f  o b t a i n i n g  o l e f i n s  and 
would be l e s s  complex than the Z ieg le r  syn thes i s .  However, i t  was d iscovered  t h a t  
a l l  c r ack ing  p rocesses  a r e  vapor phase r e a c t i o n s  and t h e r e f o r e  a r e  l i m i t e d  t o  
p a r a f f i n s  of carbon numbers 35 o r  l e s s ( 6 7 ) .  
t h i s  i s  the  molecular  weight range most d i f f i c u l t  t o  o b t a i n  by carbon monoxide 
hydrogenation. I n  a d d i t i o n ,  t h e  molecular weight d i s t r i b u t i o n  of products  i s  l e s s  
f avorab le  than  t h a t  ob ta ined  by t h e  Z ieg le r  method (F igu res  9 and l o ) .  For these  
r easons ,  such p rocesses  were n o t  given s e r i o u s  c o n s i d e r a t i o n .  

It has  a l r e a d y  been po in ted  o u t  t h a t  ' 

4 5 6 7 8 9 IO I I  I2 13 14 I5  16 17 I8 
CARBON NUMBER 

Figure  9 - Product D i s t r i b u t i o n  from Typical Wax Cracking Run(80) 

4 6 8 ;a 12 I ?  IS !e 20 
CARBON NUMBER 

F i g u r e  10 - Typica l  D i s t r i b u t i o n  o f  <-Olefins from Ethylene Buildup 
(Z ieg le r )  (80) 
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The Z i e g l e r  Reac t ion  

A t h i r d  method f o r  r e d u c t i v e l y  polymerizing carbon monoxide invo lves  a 
two-stage process .  
t i o n  by means of t h e  Z i e g l e r  growth r e a c t i o n .  

This  c o n s i s t s  of r educ t ion  t o  e thy lene  followed by polymeriza- 

U" 

This  rou te  a f f o r d s  much g r e a t e r  s e l e c t i v i t y  t o  s t r a i g h t  cha in  m a t e r i a l s  i n  t h e  
des i r ed  molecular weight range than  any of t h e  v a r i a n t s  of t h e  F ischer -Tropsch  
s y n t h e s i s  o r  wax c rack ing  and appears  t o  be t h e  bes t  method f o r  accomplishing t h e  
c r u c i a l  po lymer iza t ion .  Th i s  s e c t i o n  of t h e  r e p o r t  d e a l s  on ly  wi th  t h e  Z i e g l e r  
r eac t ion .  Ethylene  product ion  and convers ion  o f  t h e  o l e f i n s  t o  a c i d s  a r e  d i scussed  
elsewhere.  

I n  the l a t e  f o r t i e s ,  Z i e g l e r  polymerized e thy lene  t o  a h i  h molecular  
weight m a t e r i a l  by c o n t a c t i n g  t h e  o l e f i n  w i t h  an a l k y l  l i t h i u m (  76, 77). 

The r e s u l t a n t  l i t h i u m  a l k y l s  could be conver ted  r e a d i l y  t o  l i n e a r  a l c o h o l s  o r  a c i d s .  
The r e a c t i o n  was a l s o  shown t o  be c a t a l y z e d  by sodium and potassium compounds(76)- 
However, t h e  a l k a l i  meta l  a l k y l s  proved t o  be ex t remely  r e a c t i v e  and l ed  t o  too 
many by-products(76'  77). 
magnesium and, most impor tan t  of a l l ,  aluminum a l k y l s ( 7 6 )  77). 
r e a c t i o n  proceeds a t  a reduced r a t e  and can  be c o n t r o l l e d  t o  g ive  good s e l e c t i v i -  
t i e s  to  l i n e a r ,  d   olefin^(^^-^^). 
in t e rmed ia t e  meta l  a l k y l s  may be conver ted  t o  a v a r i e t y  of f u n c t i o n a l  g roups (76 ,  77) 

Z i e g l e r  qu ick ly  extended t h e  r e a c t i o n  t o  be ry l l i um,  
With aluminum, t h e  

Th i s  s y n t h e s i s  has  g r e a t  v e r s a t i l i t y  s i n c e  t h e  

For the p r e s e n t  d i s c u s s i o n ,  on ly  t h e  s y n t h e s i s  of d - o l e f i n s  w i l l  be cons ide red .  
Other methods f o r  conve r t ing  me ta l  a l k y l s  t o  f u n c t i o n a l  groups l ead ing  t o  f a t t y  
a c i d s  a re  summarized and eva lua ted  below. 

79' 81-83) 
success ioni78)  : 

The Z ieg le r  growth r e a c t i o n  may be c a r r i e d  o u t  i n  one o r  two 
The s i n g l e  s t a g e  p rocess  c o n s i s t s  of t h r e e  s t e p s  o c c u r r i n g  i n  r a p i d  
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( c )  alH + C2H4 4 C2H5-a1 

The combination of s t e p s  (b) and ( c )  i s  c a l l e d  the "displacement" LeU,C,,n. - - + i n  It 
may be formula ted  a s :  

AlkylaluminumI + Olefin" &-> Alkylaluminumll + O l e f i n  I 

Reac t ion  (b )  i s  slower .than ( c )  and i s  r a t e  de te rmining(78)-  
of d i sp lacement  i s  t o  r egene ra t e  Al(C2H5)3 which may be recyc led .  
s i n g l e  s t a g e  p rocess  r e s u l t s  i n  ve ry  low molecular weight o l e f i n s .  
d i s t r i b u t i o n ( 7 8 ) :  

The o v e r a l l  e f f e c t  
I n  g e n e r a l ,  t h e  

A t y p i c a l  

c4 '6 '8 c lo  12 14 '16 '8 c20 - -  - - 
W t .  % 33.3  25.0 16.7 10.4 - 6.3 - 3.6 - 2 . 1  1.2 0 .7  

Higher 5 - o l e f i n s  a r e  obta ined  by means of a two-stage p rocess  i n  which r e a c t i o n  
( a )  above i s  allowed t o  proceed, under m i l d e r  cond i t ions ,  u n t i l  t h e  growth reaches  
t h e  d e s i r e d  p r o  o r t i o n s .  
s t e p  o p e r a t i o n (  ? 8- 83). 

The displacement i s  then c a r r i e d  o u t  a s  a s e p a r a t e  one- 

The d i s t r i b u t i o n  of  

Where n = 

o l e f i n s  i s  now governed by t h e  Poisson equa t ion :  

P .  

t h e  number of moles of e thylene  consumed pe r  e q u i v a l e n t  of 
R-A1;  p i s  t h e  number of e thy lene  r e s i d u e s  i n  t h e  i n d i v i d u a l  cha ins  of carbon atoms 
formed; and X i s  t h e  mole f r a c t i o n  o f  chains w i t h  p added e thy lene  r e s i d u e s .  
Some t y p i c a l  p l o t s  a r e  shown i n  F igu re  11. By c o n t r o l l i n g  t h e  r a t i o  of e t h y l e n e  
t o  R - A 1 ,  t h e  d i s t r i b u t i o n  of molecular weights may be s h i f t e d  t o  g ive  n e a r l y  any 
d e s i r e d  ave rage  number. It i s  appa ren t ,  however, t h a t  t h e  curves  f l a t t e n  out  
c o n s i d e r a b l y  a t  h ighe r  n-va lues .  

( P I  
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Figure  11 - D i s t r i b u t i o n  of Alkyl Residues of t h e  Form R-(C2H4)p- on 
Aluminum i n  Growth Products  from One Mole of R-A1  and n 

Moles of E t h ~ l e n e ( ~ 8 ,  82) 

The Z i e g l e r  process  a s  formulated above has two major drawbacks,  (1)  t h e  
growth r e a c t i o n  i s  very slow under t h e  c o n d i t i o n s  shown (an hour i s  r e q u i r e d  t o  
add one mole of e t h y l e n e  t o  one e q u i v a l e n t  of R-AI) and ( 2 )  t he  n i c k e l  c a t a l y s t  em- 
ployed i n  t h e  displacement s t e p  g r e a t l y  i n c r e a s e s  t h e  recovery  problem^(^^-^^) * 

Rais ing  the  r e a c t i o n  temperature  enhances t h e  r e a c t i o n  r a t e  somewhat but  
i s  accompanied by inc reased  amounts of u n d e s i r a b l e  b y - p r o d ~ c t s ( 7 ~ ’  
t i c e ,  an upper l i m i t  of 12OoC was e s t a b l i s h e d  above which a s a t i s f a c t o r y  product  
could not be obta ined(79) .  
(22 Kcal/mole).  Th i s  occurs  i n  sudden b u r s t s  and causes  seve re  h e a t  t r a n s f e r  

The i n t e r m i t t e n t  tempera ture  i n c r e a s e s ,  brought about  by t h e s e  
energy b u r s t s ,  causes  some cleavage of t h e  aluminum a l k y l  t o  o l e f i n s :  

In  prac-  

The r e a c t i o n  i s  complicated by t h e  energy r e l e a s e d  

Heat (RCH2CH2)3A1 4-2 RCH=CH2 + (RCH2CH2)2A1H 

(RCH2CH2)2AlH + C2H4 (RCH~CH~)~A~C~HC, 

The c - o l e f i n s  f r eed  i n  t h i s  manner r e a c t ,  a t  t empera tures  of about 12OoC, w i t h  t h e  
aluminum a l k y l s  t o  a f f o r d  u n d e s i r a b l e  branched o l e f i n s  (81). 
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.120"C \ 
RCH=CH2 + R'A1(R1')2 < .) CHCH2A1(Rt')2 

/ 
R '  

R R 
\ 

/ 
CHCH2A1(Rt')2 ,-----*\C'CH2 / + HAl(R")2 

R '  R '  

However, Zosel has shown t h a t  i f  t h e  r eac t io r .  i s  c a r r i e d  out con t inuous ly  i n  t h i n  
copper t u b e s ,  where good heat  exchange i s  achieved and t h e  cha in  growth products  
a r e  con t inuous ly  removed, t h i s  problem can l a r g e l y  be avoided(79 ,  81) .  
a b l e  t o  o p e r a t e  a t  t empera tures  of 160°C and 100-200 atmosphere p r e s s u r e .  Th i s  
increased  t h e  r e a c t i o n  r a t e  t en - fo ld  and yielded l e s s  t han  4% of branched mate- 
r i a l s ( 8 1 ) .  
t h e  r e s idence  t ime. A l t e r n a t e l y ,  one may r ecyc le  t h e  aluminum t r i a l k y l  through 
t h e  r e a c t o r  w i t h  low re s idence  t imes u n t i l  t h e  d e s i r e d  average molecular weight 
i s  a t ta ined(81) .  

He was 

I n  t h i s  p r o c e s s ,  t h e  degree of cha in  growth i s  r egu la t ed  by c o n t r o l l i n g  

The second major problem i n  o l e f i n  product ion  by t h e  Z i e g l e r  growth 

E i t h e r  s o l i d  o r  c o l l o i d a l  n i c k e l  p repa ra t ions  have been used( 79- 
r e a c t i o n  i s  caused by t h e  n i c k e l  c a t a l y s t  employed i n  t h e  displacement step(76'-83, 
85). 
s o l i d  c a t a l y s t s  a r e  p r e f e r a b l e  from the  s tandpoin t  of product  q u a l i t y  bu t  have a 
s h o r t  l i f e  t ime cannot be r egene ra t ed  easi . ly(81) .  C o l l o i d a l  n i c k e l  may be reused 
bu t  i t  i s  ex t remely  d i f f i c u l t  t o  s e p a r a t e  from t h e  r e a c t i o n  stream. The products  
cannot be d i s t i l l e d  s i n c e ,  on h e a t i n g ,  t h e  n i cke l  causes  a r e v e r s a l  of t h e  d i s -  
placement r e a c t i o n  l ead ing  t o  branched c h a i n  and i n t e r n a l  o l e f i n s ( 7 8 ,  81). 
a d d i t i o n ,  t h e  reformed t r ie thyla luminum i n v a r i a b l y  c o n t a i n s  t r a c e s  of n i c k e l .  
N icke l - con ta in ing  t r ie thyla luminum i s  i n e f f e c t i v e  a s  a growth c a t a l y s t ,  y i e l d i n g  
on ly  buty lene  by a d imer i za t ion  r e a c t i o n (  78, 80. 

The 

I n  

Zose l ,  however, found t h a t  t h e  displacement could be e f f e c t e d  by h e a t i n g  
t h e  aluminum a l k y l s  w i t h  e thy lene  t o  300-350°C f o r  very  s h o r t  r e a c t i o n  t imes  
(0.2-2 seconds) .  
t imes  a r e  necessa ry  t o  prevent  mig ra t ion  of the double bond and decomposition of 
t h e  t r ie thyla luminum.  Zosel developed, and has d e s c r i b e d ,  s p e c i a l  equipment f o r  
t h i s  r ap id  d i sp lacemen t (81 ) .  

No c a t a l y s t  i s  r e q u i r e d (  79, 81, 85 ). The ve ry  b r i e f  c o n t a c t  

Other  o l e f i n s  have been used i n  t h e  displacement r e a ~ t i o n ( 7 8 - ~ l ,  84, 85) .  
However, o n l y  wi th  e thy lene  i s  the  equ i l ib r ium favorab le (79) .  
o l e f i n s ,  t h e  e q u i l i b r i u m  cons tan t  i s  = 1. 
p r e s e n t  i n  n - fo ld  excess ,  t h e  degree  of displacement i s :  

With h ighe r  d -  
Thus, i f  t h e  d i s p l a c i n g  o l e f i n  is 

n 
n + l  D =- 

For t e n  moles of o l e f i n  pe r  equ iva len t  of alkylaluminum, t h e  degree of d i s p l a c e -  
ment i s  90%. By c o n t r a s t ,  a 10 - fo ld  excess  of e thy lene  e f f e c t s  a v i r t u a l l y  com- 
p l e t e  d i sp l acemen t (85 ) .  

N e v e r t h e l e s s ,  t h e  use of higher o l e f i n s  has been sug esced t o  uve rcme  
a d i f f i c u l t y  exper ienced  i n  displacement using e thy lene (79 ,  817. The C 1 2  and c14 
- o ( - o l e f i n s  c o - d i s t i l  w i t h  t h e  reformed triethylaluminum and cannot be recovered 
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d i r e c t l y .  
t h e  r e s u l t a n t  t r i h e x y l -  ( o r  t r ioc ty l - )a luminum b o i l s  h igh  enough t o  be r e a d i l y  
sepa rab le  from a l l  o l e f i n s  up t o  C16 o r  c18. 
t h e n ,  i n  t u r n ,  be d i s p l a c e d  w i t h  e t h y l e n e .  This  l i b e r a t e s  hexene o r  oc tene  and 
forms t r ie thylaluminum which i s  recyc led(79 ,  81).  

I f  a h igher  o l e f i n  (hexene o r  oc t ene )  i s  used a s  t h e  d i s p l a c i n g  agen t ,  

The a lumint r ihexyl  o r  t r i o c t y l -  may 

(b )  A1[(CH2)5CHd C2H4 9 Al(C2H5)3 + ~ C H ~ ( C H ~ ) ~ C H = C H Z  

Th i s  sequence, however, e n t a i l s  a double displacement  s t e p .  Such a p r o c e s s  i s  
r a t h e r  complicated f o r  commercial (o r  space)  a p p l i c a t i o n s .  Simpler methods have 
been devised(79-81) i n  which t h e  mixture  of reformed t r ie thyla luminum,  and C12 
and C14 o l e f i n s  were re turned  t o  t h e  o r i g i n a l  r e a c t o r  and contac ted  once more 
w i t h  e thy lene .  
from the high b o i l i n g  t r ia lkyla luminum which i s  passed on t o  t h e  displacement  
chamber where t h e  o p e r a t i o n  i s  repea ted@O).  
Figure 1 2 .  T h e o r e t i c a l l y  t h i s  could r e s u l t  i n  a h igh  percentage  of branched 
m a t e r i a l s  by r e a c t i o n s  of t he  C12 and C14 o l e f i n  w i t h  t r ie thylaluminum. 
i n  p r a c t i c e  t h i s  i s  no t  a problem(80, 8 1 ) .  
a f f i n i t y  f o r  t r ie thylaluminum than  do h i g h e r  o l e f i n s  and i s  p r e s e n t  i n  l a r g e  excess  
anyway so t h a t  branching i s  he ld  t o  around 5%(80, 8 1 ) .  

A f t e r  growth i s  complete,  t h e  c12-C14 o l e f i n s  a r e  s e p a r a t e d  e a s i l y  

Th i s  i s  r e p r e s e n t e d  s c h e m a t i c a l l y  by 

However, 
Ethylene has  an a p p r e c i a b l y  g r e a t e r  

ETHYLENE 

\ \ 

'ALFEFIE' 1214 AND TRIETHYLALUMINUM 1 

Figure 12 - Continuous Process  f o r  Product ion  of --Olefins v i a  
Z i e g l e r  Growth React ion(80)  ("Alfene" i s  & - O l e f i n )  

- 
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The Z i e g l e r  method has t h r e e  d i s t i n c t  advantages over l e s s  s e l e c t i v e  
p rocesses :  (1 )  The molecular weights  of t h e  o l e f i n s  can be c o n t r o l l e d  t o  withPn 
narrow l i m i t s .  I n  f a c t .  i t  appears l i k e l y  t h a t  t h e  e n t i r e  product may be used 
wi thout  f r a c t i o n a t i o n ( 8 9 ) ,  t h u s  a f f o r d i n g  nea r ly  q u a n t i t a t i v e  convers ion  of co; 
( 2 )  a 95% l i n e a r  m a t e r i a l  i s  ob ta ined ;  ( 3 )  The "polymer" con ta ins  a r e a c t i v e  
terminus (double bond) which can be conver ted  t o  an acid grouping i n  good y i e l d  
wi th  few s i d e  p roduc t s .  

However, c e r t a i n  d isadvantages  ob ta in  a s  we l l .  (1 )  The o l e f i n s  a r e  a l l  
of even numbered carbon cha ins  g iv ing  use  t o  exc lus ive ly  odd carbon a c i d s  by most 

process  i s  f a i r l y  complicated,  r e q u i r e s  some experience and p r a c t i c e  i n  o p e r a t i o n  
and may be v e r y  d i f f i c u l t  t o  automate(86).  
magnified i n  a z e r o  g r a v i t y  environment. Thus, a l though  it is c l e a r l y  t h e  method 
of choice  f o r  t h e  s y n t h e s i s  of f a t t y  a c i d s  from C 0 2 ,  it does no t  permi t  an o p t i -  
m i s t i c  p rognos i s  f o r  t h e  more gene ra l  problem of product ion  of s y n t h e t i c  foods.  

+ methods of convers ion .  Such a c i d s  a r e  of unproven va lue  n u t r i t i o n a l l y .  (2)  The 

The l a s t  two d i f f i c u l t i e s  would be 

Telomer iza t ion  of Ethylene and Acetylene 

Two o t h e r  methods f o r  c o n t r o l l e d  polymer iza t ion  of two-carbon fragments 
were cons idered .  These a r e  t e lomer i za t ion  o f  e thy lene  and polymer iza t ion  of 
ace ty l ene .  
of t h e  g e n e r a l  s t r u c t u r e :  

E thy lene  may be polymerized i n  t h e  presence  of methanol t o  g i v e  polymers 

f r e e  r a d i c a l  
i n i t i a t i o n  x C H ~ = C H ~  + CH30H > H-(CH2CH2)xCH20H 

However, such r e a c t i o n s ,  a s  i s  t r u e  of n e a r l y  a l l  f r e e  r a d i c a l  p rocesses ,  a r e  
h igh ly  n o n - s e l e c t i v e  and produce c o n s i d e r a b l e  branched compounds(87). 
a non-regenerable  f r e e - r a d i c a l  i n i t i a t o r  i s  required.  

I n  a d d i t i o n ,  

Acetylene has been converted t o  p o l  o l e f i n s  of t h e  type (-CH=CH-), by 
a v a r i e t y  of c a t a l y s t s  of t h e  Z ieg le r - type (88  3 . However t h e  r e a c t i o n  i s  very  
poor and l e a d s  t o  h i g h l y  co lored  and u n s t a b l e  products (8h) .  
c o n s i d e r a t i o n s ,  bo th  t h e s e  methods were d iscarded  i n  t h e  p re l imina ry  sc reen .  

Because of t h e s e  
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SYNTHESIS OF ETHYLENE AND CONVERSION OF C02 TO CO 

The sequence of  r e a c t i o n s  chosen f o r  t h e  s y n t h e s i s  of e d i b l e  f a t s  
includes t h e  Z i e g l e r  growth r e a c t i o n  f o r  t h e  p r e p a r a t i o n  of h igher  a lpha o l e f i n s .  
This  i n  t u r n  n e c e s s i t a t e s  a scheme f o r  t h e  conversion of carbon d ioxide  t o  e t h y l -  
ene. Two g e n e r a l  r e a c t i o n  r o u t e s  a r e  appa ren t .  The f i r s t  i nvo lves  t h e  reduct ion  
of carbon d ioxide  t o  methane, conversion of methane t o  a c e t y l e n e ,  and r e d u c t i o n  of 
acetylene t o  e thy lene .  The second r o u t e  invo lves  the  reduct ion  of carbon d ioxide  
t o  carbon monoxide and t h e  conversion of carbon monoxide d i r e c t l y  t o  e thy lene .  
The f i r s t  of t h e s e  r o u t e s  has  a s  i t s  obvious a t t r a c t i o n  t h e  f a c t  t h a t  each of t h e  
t h r e e  s t e p s  i s  a very  w e l l  known and w e l l  documented r e a c t i o n .  On t h e  o t h e r  hand, 
i t  does invo lve  t h r e e  s e p a r a t e  r e a c t i o n  s t e p s ,  whereas the  second of t h e  r o u t e s  
needs only two r e a c t i o n  s t e p s .  A p o s s i b l e  drawback t o  t h e  second r o u t e ,  however, 
i s  t h e  f a c t  t h a t  d a t a  i n  t h e  l i t e r a t u r e  on t h e  conversioh of carbon monoxide t o  
e thylene a r e  n o t  abundant and may n o t  be e n t i r e l y  r e l i a b l e .  

Ethylene Via Methane and Acetylene 

The ace ty lene  r o u t e  t o  e t h y l e n e  i s  a t h r e e  s t e p  p r o c e s s  involv ing  t h e  
hydrogenation o f  carbon d ioxide  t o  methane, conversion of methane t o  a c e t y l e n e ,  
and reduct ion  o f  ace ty lene  t o  e t h y l e n e .  The immediate advantage of t h i s  r o u t e  i s  
t h a t  each s t e p  i s  w e l l  known and documented. Disadvantages a r e  t h e  f a c t  t h a t  t h r e e  
chemical r e a c t i o n s  a r e  involved a s  opposed t o  t h e  two i n  t h e  carbon dioxide-carbon 
monoxide-ethylene r o u t e ,  and t h e  f a c t  t h a t  a g r e a t  d e a l  of energy  i s  r e q u i r e d  t o  
convert  methane t o  ace ty l ene .  

H (3) CHSCH 7 , HzC'CH2 

The conversion of carbon d i o x i d e  t o  methane was n o t  i n v e s t i g a t e d .  This  
i s  a time t e s t e d  r e a c t i o n ,  t h a t  goes a l l  t h e  way back t o  t h e  work of S a b a t i e r  i n  
1902. As pointed out  above, methane was assumed a s  an a v a i l a b l e  s t a r t i n g  m a t e r i a l .  

Processes  f o r  t h e  c racking  of methane and o t h e r  hydrocarbons t o  y i e l d  
ace ty l ene  have achieved c o n s i d e r a b l e  commercial importance over  t h e  p a s t  15 y e a r s  
o r  so.  F o r t u n a t e l y ,  t h i s  importance has l ed  t o  t h e  e x t e n s i v e  documentation of t h e  
d i f f e r e n t  processes  t h a t  a r e  c u r r e n t l y  a v a i l a b l e .  Hence, o n l y  a g e n e r a l  o u t l i n e  
w i l l  be g iven ,  r e f e r r i n g  t h e  r e a d e r  t o  s e v e r a l  e x c e l l e n t  source p u b l i c a t i o n s  f o r  
f u r t h e r  information.  The most v a l u a b l e  o f  t h e s e  sou rces  a r e  a comprehensive book 
by M i l l e r ( 9 0 ) ,  an outs tanding  review by G o l d s t e i n  and S ~ a r f f e ( ~ l ) ,  and t h e  a r t i c l e  
i n  t h e  Kirk-Othmer encylopedia(9*) .  Also v a l u a b l e  a r e  t h e  most r e c e n t  e d i t i o n s  of 
Hydrocarbon Process ing ' s  Petrochemical  Handbook(93), a survey book by Hardie(94) ,  
and a recent  review by Stobaugh(95).  A s p e c i a l  v i r t u e  of t h e  Hydrocarbon Process-  
ing Petrochemical Handbook i s  t h e  f a c t  t h a t  i t  g e n e r a l l y  re fe rs  t h e  r e a d e r  back t o  
extended a r t i c l e s  prepared by i n d u s t r i a l  o r g a n i z a t i o n s  d e s c r i b i n g  t h e i r  p r o c e s s e s .  

Most of t h e  processes  f o r  p r e p a r i n g  a c e t y l e n e  from hydrocarbons f a l l  
i n t o  one o f  a small  number of c a t e g o r i e s :  r e g e n e r a t i v e  c r a c k i n g ,  one-s tage  and 
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two-stage flame c rack ing ,  and a r c  p rocesses ,  i nc lud ing  plasma a r c s .  The convers ion  
of methane t o  a c e t y l e n e  i s  an extremely endothermic p rocess  which does n o t  begin  
u n t i l  ve ry  high tempera tures  a r e  reached; the free  energy change f o r  t h e  convers ion  
of methane t o  a c e t y l e n e  i s  p o s i t i v e  below about 2200°F. The endothermic i ty  of t h i s  
r e a c t i o n  can be expressed  by the fo l lowing  equation a t  2258°F. 

2CH4 f 97 kcal/mol __3 C2H2 + 3H2 

Complicating the whole s i t u a t i o n  a r e  two f u r t h e r  f a c t s :  methane does n o t  begin  
decomposing t o  form a c e t y l e n e  u n t i l  about 2250°F so t h a t  t he  feed s tock  m u s t  be 

e heated  t o  t h e  necessa ry  c rack ing  temperature very r a p i d l y  t o  avoid carbon format ion;  
f u r t h e r ,  whi le  a c e t y l e n e  i s  more s t a b l e  than methane a t  the r e a c t i o n  temperature of 
2250°F o r  more, i t  i s  less  s t a b l e  than the  elements,  and E O  mgst  be r a p i d l y  quenched 
t o  temperatures about 530°F be fo re  e q u i l i b r a t i o n  beg ins .  The time i n t e r v a l  f o r  t h e  
r e a c t i o n  should be of t h e  o r d e r  of mi l l i s econds .  

Golds te in  and S c a r f f e  have n e a t l y  summarized the  advantages and disadvan- 
t a g e s  of t h e  v a r i o u s  commercial p rocesses  f o r  ace ty lene  p repa ra t ion (91) .  
these can be dismissed immediately--the r egene ra t ive  c rack ing  p rocess ,  exempl i f ied  
by t h e  commercial W u l f f  p rocess .  This  p rocess  i s  normally run a t  t empera tures  
below t h a t  needed t o  c rack  methane t o  ace ty l ene ;  i t  i s  l i m i t e d  by the  a b i l i t y  of the 
r e f r a c t o r y  t o  w i t h s t a n d  c o n s t a n t  temperature changes, and i s  no t  cons idered  u s e f u l  
f o r  methane f eeds tock ,  a l though  i t  i s  usable  fo r  j u s t  about anyth ing  from e thane  on 
U P  * 

One of 

A number of o r g a n i z a t i o n s  have developed one-s tage  flame c rack ing  p rocesses ,  
a l s o  known as  p a r t i a l  combustion o r  p a r t i a l  ox ida t ion  p rocesses .  Acetylene y i e l d s  a r e  
of t h e  o rde r  of 30-36% by weight on the  methane f eeds tock .  Advantages of t h e  one-stage 
flame process  a r e  i t s  low e l e c t r i c a l  power requirement a s  compared wi th  a r c  processes  
and t h e  f a c t  t h a t  t h e  o f f - g a s  can be used as s y n t h e s i s  gas .  Disadvantages inc lude  
the  f a c t  t h a t  n e a r l y  5 tons  of oxygen and approximately 3 t ons  of methane a r e  r e -  
qu i r ed  t o  produce one ton of a c e t y l e n e ;  the combustion products  go toge the r  w i t h  the 
r e a c t i o n  p roduc t s  i n t o  t h e  recovery  system, inc reas ing  i t s  s i z e ,  complexity,  and c o s t - -  
t he  a c e t y l e n e  c o n t e n t  of the cracked gas  i s  only about 8 volume %; carbon i s  formed 
which g e t s  i n t o  t h e  quench water  o r  o i l ,  and must be e i t h e r  s epa ra t ed  o r  burned t o  
provide p rocess  h e a t ;  the c a l o r i f i c  con ten t  of the o f f - g a s ,  which i s  h igh  i n  carbon 
monoxide, i s  r a t h e r  low; and the re  a r e  sometimes problems wi th  s t a b i l i t y  of the 
p a r t i a l  combustion flame. The h igh  oxygen requirement,  normally s t a t e d  a s  4.75  p a r t s  
by weight  per  p a r t  by weight  of ace ty l ene  product,  i s  an obvious d isadvantage  aboard 
a s p a c e c r a f t  where oxygen i s  a va luab le  commodity. Also,  t h e  r e l a t i v e l y  low y i e l d ,  
of t h e  o rde r  of 30%, does n o t  look anywhere nea r ly  so a t t r a c t i v e  as t h e  high s e l e c -  
t i v i t y  carbon monoxide- t o  e thy lene -  process ,  descr ibed  below. 

Two s t a g e  flame c rack ing  processes  have been developed by Farbwerke 
Hoechst, S . B . A . ,  and Kureha among o t h e r s .  There a r e  s e v e r a l  minor d i f f e r e n c e s  i n  
the  advantage and d i sadvan tages  of t h e s e ,  a s  compared w i t h  the  one s t a g e  flame 
p rocess ,  bu t  b a s i c a l l y ,  t h i s  type of process  would be no more adapted t o  use aboard 
the s p a c e c r a f t  than  the  one s t age  flame process.  I f  a flame p rocess  were t o  be used, 
i t  would undoubtedly be t h e  one s t a g e  p rocess .  

E l e c t r i c  a r c  processes  have been developed p r i m a r i l y  by Chemische Werke 
11 

H u l s  and duPont. Obvious advantages of a r c  processes f o r  s p a c e c r a f t  use inc lude  
t h e  f a c t  t h a t  oxygen i s  n o t  r e q u i r e d ,  and t h a t  the ace ty i ene  con ten t  ui ilie pi-oduct  
s t ream i s  s u b s t a n t i a l l y  h ighe r  than t h a t  found i n  flame p rocesses .  The l a t t e r  run  
about 8 t o  11% a c e t y l e n e ,  whi le  the duPont a r c  p rocess  r e p o r t s  about 22% a c e t y l e n e  
i n  t h e  product  gas ,  and the  HZls a r c  process  runs about 16%(91). One immediate 
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disadvantage i s  the  fac t  t h a t  t he  r e a c t i o n  temperature i s ,  aga in ,  of t he  o r d e r  of 
2900°F. 
consumption i s  q u i t e  h i g h ;  t h a t  f o r  t h e  Huls process  i s  about 12,800 kWh/ton, and 
t h a t  f o r  t h e  duPont process  i s  e s t ima ted  a t  about 15,000 kWh/ton. 

This  r e q u i r e s  the quenching of a l l g r e a t  dea l  of  r e a c t i o n  h e a t .  Also,  power 

Many o t h e r  processes  f o r  conve r t ing  hydrocarbons t o  a c e t y l e n e  have been 
i n v e s t i g a t e d .  Among these  a r e  v a r i o u s  plasma p rocesses ,  i n c l u d i n g  the  Kanpsack- 
Greisheim plasma a r c  process  which has  r ece ived  a good d e a l  of r e s e a r c h  e f f o r t  and 
i s  descr ibed  i n  cons ide rab le  d e t a i l  i n  t h e  l i t e r a t u r e .  This  process  r e q u i r e s  ve ry  
high temperatures i n  o r d e r  t o  produce an a r c  c o n t a i n i n g  atomic hydrogen; tempera tures  
run t o  over 6500°F. Perhaps the  most i n t e r e s t i n g  of t h e  new a c e t y l e n e  p rocesses  i s  

carbon p y r o l y s i s  r e a c t i o n s ,  these i n v e s t i g a t o r s  found t h e  optimum c o n d i t i o n s  f o r  
methane c rack ing .  A t  t empera tures  between 3000 and 3200"F, they a r e  a b l e  t o  g e t  
o v e r a l l  y i e l d s  of about 95 t o  97% a c e t y l e n e  from methane, w i t h  l i t t l e  o r  no carbon 
formation. 
h e a t i n g  device.  
f e a t u r e .  
f o r  t h e  flame p rocesses ,  r e q u i r e s  t he  d i s s i p a t i o n  of a g r e a t  dea l  of r e a c t i o n  h e a t .  
I n  a d d i t i o n ,  t h i s  process  has  never  gone commercial l e a d i n g  some o b s e r v e r s  t o  wonder 
about i t s  u t i l i t y ( l l 4 ) .  Acetylene h a s  been observed i n  products  of t h e  a c t i o n  of 
s i l e n t  d i scharge  on v a r i o u s  hydrocarbons.  The s i l e n t  d i scha rge  method i s  n o t  cons id-  
e red  a good process  and has  never been commercialized. I n  a d d i t i o n ,  methane i s  
repor ted  t o  be a poor f eeds tock .  
hydrocarbons(90).  

t he  Happel-Othmer-Krmer(95-102). By a fundamental s tudy  of t he  k i n e t i c s  of hydro- . 

React ion  h e a t  can come from any convenient  source,  such a s  an e l e c t r i c a l  
The h igh  y i e l d  and c l e a n  r e a c t i o n  a r e  obvious ly  an a t t r a c t i v e  

However , t he  r e a c t i o n  tempera ture  which i s  cons ide rab ly  h ighe r  than t h a t  

B e t t e r  r e s u l t s  a r e  ob ta ined  w i t h  o t h e r  l i g h t  

There seems t o  be l i t t l e  o r  no p rospec t  of deve loping  a p rocess  f o r  t h e  
d i r e c t  conversion of methane t o  e thy lene .  F i r s t  of a l l ,  t h i s  t r ans fo rma t ion  does n o t  
become thermodynamically p o s s i b l e  u n t i l  about  2900°F, 100" h ighe r  t han  the  tempera- 
t u r e  requi red  f o r  the convers ion  of methane t o  a c e t y l e n e .  F u r t h e r ,  a t  t hese  tempera- 
t u r e s ,  e thylene  i s  less s t a b l e  than a c e t y l e n e .  A t  b e s t  on ly  small amounts of e thy lene  
a r e  ever  ob ta ined  i n  the c rack ing  of a c e t y l e n e ( l 0 3 ) .  

Some data  on the  composition of product s t reams from v a r i o u s  commercial 
ace ty lene  p rocesses  i s  g iven  i n  Table 9 .  

H G l s  
Component arc 
N2,  02, A t  0.8 

H2 co 

C2H2 
C2H4 
C2H6+ 

50.1 
0.7 -- 

17.0  
15.9 

7 . 1  
8.4 

Du Pont 
a r c  

NA 
NA 
0.5 
NA 
NA 

22.5 
NA 
NA 

Knapsack 
plasma 

a r c  

0.7 
60.3 
0 .1  

9.0 
13.8 
10.5 
5 .6  

-- 

BASF 
One- s t age 
flame on 
methane 

1 1.0 
56.8 
25.9 

3.4 
4.2 
8.0 
0.2 
0.5 

BASF 
One- s t a g e  
flame on 
naphtha 

0.9 
43.5 
37.3 

3.9 
4.2 
9.3 
0.2 
0.7 

HOECHST 
Two- s t a g e  

flame 

0.9 
30.0 
14.0 
12.3 

10.6 
14.9 
4.4 

12.9 

WULFF 
Regene r a -  

t i v e  

4.7 
49.2 
13.0 

2.9 
11.9 
14.0 
3.0 
1.3 

Table 9 ' Composition of Reac t ion  Products  of Acety lene  from Hydrocarbon 
Processes .  (NA = no a n n o t a t i o n ) .  (mol. % ) ( 9 1 )  
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S e l e c t i v e  Hydrogenation of Acetylene t o  Ethylene 

Here aga in ,  t he  l i t e r a t u r e  provides  e x c e l l e n t  documentation. Reviews 
have appeared a t  r e g u l a r  i n t e r v a l s :  
1955(105), and more r e c e n t l y  by Bond and Wells w i th in  the  p a s t  two y e a r s ( l 0 6 ,  107). 
Bond and Wel ls ,  i n  p a r t i c u l a r ,  have done a g r e a t  d e a l  of work t o  e l u c i d a t e  the 

by Nieuwland and Vogt i n  1945(104), Bond i n  

n a t u r e  of s e l e c t i v e  ace ty l ene  hydrogenation processes .  

It has  long  been known t h a t  d i f f e r e n t  hydrogenat ion  c a t a l y s t s  provide 
va ry ing  degrees  of s e l e c t i v i t y  i n  the  conversion of ace ty l ene  t o  e t h y l e n e .  P a l l a -  
dium i s  c l e a r l y  s u p e r i o r .  It can provide s e l e c t i v i t y  t o  e thy lene  t h a t  exceeds 95%, 
whi le  o p e r a t i n g  a t  room temperature.  Among other  hydrogenation c a t a l y s t s ,  p la t inum 
and rhodium a r e  u s e f u l ,  b u t  on ly  a t  h i g h e r  tempera tures ,  and even then they cannot 
approach t h e  s e l e c t i v i t y  obta ined  wi th  palladium. During World War 11, t he  Germans 
a c t u a l l y  used a s e l e c t i v e  ace ty l ene  hydrogenation p rocess ,  w i t h  a palladium c a t a l y s t ,  
t o  produce much of t h e i r  e thy lene .  The German process ,  which has  been desc r ibed  i n  
some d e t a i l ,  used a pa l l ad ium-on-s i l i ca  ge l  c a t a l y s t ,  a l though one r e p o r t  i n d i c a t e s  
t h a t  diatomaceous e a r t h .  w a s  used as  the ca r r i e r (108-110) .  The r e a c t i o n  was c a r r i e d  
ou t  a t  1 a t m . ,  a t  tempera tures  v a r i o u s l y  repor ted  a s  150' t o  21OoC, and which were 
r a i s e d  a s  the r e a c t i o n  proceeded and t h e  c a t a l y s t  l o s t  i t s  a c t i v i t y .  More r e c e n t  
r e s e a r c h  r e s u l t s  show t h a t  palladium c a t a l y s t s  have good a c t i v i t y  even a t  room 
tempera ture ,  and a p rocess  aboard t h e  s p a c e c r a f t  which d i d  n o t  r e q u i r e  the  use of 
h e a t  would have i t s  obvious a t t r a c t i o n s .  
of ace ty l ene  hydrogenation w i t h  o t h e r  c a t a l y s t s  i n c r e a s e s  w i t n  i n c r e a s i n g  tempera ture ,  
and i n  a long term con t inu ing  ope ra t ion  the tempera tures  used by the  Germans may w e l l  
have been necessa ry  on a p r a c t i c a l  b a s i s .  
i nc reased  r e a c t i o n  r a t e s ,  which would obviously be  impor tan t  f o r  a commercial p rocess .  
Other c a t a l y s t s  have been d e s ~ r i b e d ( l l l - ~ ~ ~ ) .  

* 

However, i t  i s  w e l l  known t h a t  s e l e c t i v i t y  

F u r t h e r ,  they would undoubtedly g ive  

Reduction of Carbon Dioxide t o  Carbon Monoxide 

A number of methods a r e  conce ivable  f o r  t h e  
p r e p a r a t i o n  of carbon monoxide from carbon dioxide,  
i n c l u d i n g :  

( 1 )  d i s s o c i a t i o n  

c02 4* co = 1 / 2  02 

( e .g . ,  thermal,  i r r a d i a t i o n ,  e l e c t r i c  d i scha rge )  

(2)  r e v e r s e  water  g a s  s h i f t  

H 2  + C02 CO + H20 

(3 )  meta l  r educ t ion  

C02 + m e t a l e C 0  + metal oxide 

( 4 )  Boudouard r e a c t i o n  

rn- + c '+ zco 
- -L 
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A number of government c o n t r a c t s  have been devoted e x p l i c i t l y  t o  the 
conversion of carbon d iox ide ,  g e n e r a l l y  f o r  t he  purpose of r e g e n e r a t i o n  of oxygen 
(115-1199 133). 
a working device  f o r  t he  e l e c t r o l y t i c  convers ion  of carbon d ioxide  t o  carbon monoxide 
p l u s  oxygen i s  recommended. A l s o  of p a r t i c u l a r  i n t e r e s t  i s  the  a n a l y s i s  by F o s t e r  
and McNulty of a number of schemes f o r  carbon d ioxide  r educ t ion  ( a l though ,  t o  be 
s u r e ,  t h i s  a n a l y s i s  does n o t  appear t o  be e s p e c i a l l y  t h o r o u g h ) ( l l 7 ) .  They a r e  a b l e ,  
however, t o  e l imina te  thermal,  i r r a d i a t i v e ,  and photochemical d i s s o c i a t i o n  of C 0 2  
as imprac t i ca l .  S t i l l  another  r e f e r e n c e  of s p e c i a l  i n t e r e s t  i s  a review by Hollander 

I n  p a r t i c u l a r ,  t he  work of Chand le r ( l l 6 )  who has  a c t u a l l y  developed 

and S p i a l t e r  of a v a r i e t y  of methods f o r  reducing carbon d ioxide(119) .  II 

Metal Reduction 

Metal r educ t ion  does n o t  appear  t o  have been given any c o n s i d e r a t i o n .  
I f  meta l  r educ t ion  were t o  be employed, i t  would then become necessa ry  t o  r econve r t  
the metal oxide t o  t h e  s t a r t i n g  me ta l ,  so a s  n o t  t o  r e q u i r e  the  t r a n s p o r t a t i o n  of 
non-regenerable meta l .  Poss ib l e  methods f o r  r e c y c l i n g  the  meta l  ox ides  have n o t  
been i n v e s t i g a t e d ,  a l though s i l v e r  ox ides  may be decomposed e a s i l y  t o  f r e e  s i l v e r .  
A t  l e a s t  t h r e e  me ta l s  a r e  known t o  r e a c t  w i th  carbon d ioxide  t o  g ive  carbon monoxide 
and a metal oxide.  Tin and carbon d iox ide ,  f o r  i n s t a n c e ,  r e a c t  by the fo l lowing  
e q u a t  i on  : 

Sn + 2C02 tF Sn02 + 2CO 

L i t e r a t u r e  on t h i s  r e a c t i o n  w a s  surveyed by Quinn and Jones a s  long  ago a s  1936(120). 
As can  be seen from the equa t ion ,  t h i s  i s  an e q u i l i b r i u m  r e a c t i o n ;  t h e  e q u i l i b r i u m  
c o n s t a n t  i s  .approximately 0.3 a t  t empera tures  around 650"C, and drops  o f f  a t  h ighe r  
tempera tures .  Other r e p o r t s  have appeared(121-123).  These workers used z inc  and 
manganese as  reducing  agen t s .  

Reverse Water Gas S h i f t  

The obvious a t t r a c t i o n  of u s ing  the  r e v e r s e  wa te r  gas  s h i f t  t o  prepare  
carbon monoxide i s  t h a t  hydrogen w i l l  presumably be a v a i l a b l e  aboard the  s p a c e c r a f t  
as a resu l t  of t he  e l e c t r o l y s i s  of wa te r .  
a s t a b l e  c a t a l y s t ,  t h e  use of t h i s  r e a c t i o n  would probably be h i g h l y  d e s i r a b l e .  
There a r e  a number of l i t e r a t u r e  r e f e r e n c e s  which sugges t  t h a t  t h i s  may indeed be 
p o s s i b l e .  

I f  a smooth r e a c t i o n  were p o s s i b l e  over 

The water  gas  s h i f t  r e a c t i o n  i s ,  of cour se ,  an e q u i l i b r i u m  r e a c t i o n ,  and 
has  been s tud ied  ex tens ive ly(124-133) .  
t h e  formation of hydrogen and carbon d iox ide  i s  favored  a t  tempera tures  below 800°C; 
however, t he  formation of carbon monoxide can be promoted a t  lower tempera tures  by 
us ing  an excess  of hydrogen( l24) .  Aker lo f f  has  r e p o r t e d  d a t a  on a mod i f i ca t ion  o f  
t h i s  process  s p e c i f i c a l l y  designed f o r  space a p p l i c a t i o n s ( l 3 3 ) .  

Values f o r  t he  e q u i l i b r i u m  c o n s t a n t  show t h a t  

D i s soc ia t ion  of C 0 2  

There a r e  many r e p o r t s  i n  the  l i t e r a t u r e  on s t u d i e s  of carbon d iox ide  
d i s s o c i a t i o n ,  caused by v a r i o u s  types of e l e c t r i c a l  d i scha rge  and r a d i a t i o n .  I t  
i s  worth no t ing  t h a t  i n  such p rocesses  a flow system i s  q u i t e  n e c e s s a r y ,  s i n c e  
recombination of r a d i c a l s  under s t a t i c  o r  slow flow c o n d i t i o n s  g i v e s  ve ry  low 
convers ions  a n d  e f f i c i e n c i e s .  This  method recommends i t s e l f  f o r  s p a c e c r a f t  use.  
Chandler has worked ou t  many of t h e  d e t a i l s ( l l 6 ) .  
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Conversion of Carbon Monoxide t o  Ethylene 
Cat. 

2c0 + 4H2 Heat,  Pressure ' CH=CH2 + 2 H 2 0  

Under c e r t a i n  c o n d i t i o n s ,  i t  i s  poss ib l e  t o  achieve  reasonable  s e l e c t i -  
v i t y  i n  the convers ion  of carbon monoxide t o  e thy lene .  It was r e p o r t e d  i n  1908 
t h a t  6.6 and 8.3% e thy lene  i n  e f f l u e n t  from t h e  r e a c t i o n  of 1:l H2/CO a t  95-100°C 
over  a Ni-Pd/coke c a t a l y s t  could be ob ta ined ( l34 ) .  
unusua l ly  m i l d ,  and t h e  e thy lene  d id  n o t  behave chemica l ly  a s  expec ted .  
was re-examined and appea r s  t o  be open t o  q u e s t i o n ( l 3 5 ) .  

The r e a c t i o n  c o n d i t i o n s  seem 
This work 

Two Badische A n i l i n  p a t e n t s ,  f i l e d  in Germany i n  1949, have appeared. 

Yield i s  
The f i r s t  of t hese (135)  d e a i s  w i th  the syn thes i s  o f  unsa tu ra t ed  hydrzcarbons ever 
f i n e l y  d iv ided  i r o n  mel t  c a t a l y s t  a t  temperatures i n  excess  of 450°C. 
given a t  about  120g unsa tu ra t ed  gaseous hydrocarbons/m3 of f r e s h  f eed .  
of o p e r a t i o n  the r e a c t i o n  i s  sparged w i t h  n i t r o g e n ,  t h e  coke burned o f f  w i th  an a i r -  
n i t r o g e n  mixture ,  and the  c a t a l y s t  re - reduced  wi th  H2. 

Af t e r  a day 

There i s  no i n d i c a t i o n  of s e l e c t i v i t y ,  and t h e  ra te  of coking i s  appa ren t ly  
high.  The process  does n o t  look  a t t r a c t i v e .  

The second BASF p a t e n t ( l 3 7 )  employs a promoted, s t a b l e  meta l  oxide c a t a l y s t  
a t  t empera tures  above 52OQC, and a h igh  recycle  r a t i o .  Again coke must be burned 
o f f  the c a t a l y s t  p e r i o d i c a l l y .  Here more d e t a i l e d  d a t a  a r e  p re sen ted .  Products  
are desc r ibed  a s  good y i e l d s  of C2=,  C3', or C4=, a long  w i t h  CH4 and l i q u i d ,  l a r g e l y  
unsa tu ra t ed  hydrocarbons.  

Another P a t e n t ( l 3 8 )  i s sued  i n  France and A u s t r i a ,  c l a ims  the  p r e p a r a t i o n  

A product  i s  claimed con ta in ing  95-100% e t h y l e n e  ( a p a r t  from i n e r t  g a s e s ) .  
of e thy lene  from CO and H2 over  a p a r t i a l l y  reduced m e t a l l i c  c a t a l y s t .  
ske tchy .  

Data a r e  

It was sugges ted  t h a t ,  by experimenting w i t h  r e a c t i o n  v a r i a b l e s ,  and 
e s p e c i a l l y  by going t o  lower convers ions ,  s e l e c t i v i t y  t o  e thy lene  can  be inc reased .  
However , 

syn the  s i 
on ly ,  so 

t h e  evidence f o r  t h i s  i s  poor. 

Tsutsumi has  f i l e d  t h r e e  d i f f e r e n t  p a t e n t  a p p l i c a t i o n s  on e thy lene  
from CO. Unfor tuna te ly  two of these c a s e s  appear t o  have i s sued  i n  Japan 

l i m i t e d  informat ion  i s  a v a i l a b l e .  

The f i r s t  p a t e n t  i s  one of t h e  Japanese-only group, 4172/58(140). A 1 : l O O  
c a t a l y s t  i s  used t o  conver t  a CO/H2 mixture t o  e t h y l e n e .  

I n  the  second of h i s  p a t e n t s ( l 4 1 )  Tsutsumi uses  a s i l i c a  g e l  o r  alumina 
g e l  c a t a  y s t ,  which may be a c t i v a t e d  by compounds of C r ,  Cu, N i ,  Coy e t c .  Tempera- 
t u r e  i s  u s u a l l y  around'250°C, p r e s s u r e  des i r ab ly  between 20 and 40 a t m .  High CO/H2 
r a t i o s ,  p r e f e r a b l y  a t  l e a s t  2:1, favor  ethylene format ion ,  d e s p i t e  t h e  f a c t  t h a t  t he  
s t o i c h i o m e t r y  f o r  convers ion  of CO and H2 t o  e thy lene  and water  has  a 1 : 2  r a t i o .  
I n c r e a s e  i n  p re s su re  a l lows  a lower r e a c t i o n  tempera ture ,  and f a v o r s  e thy lene  forma- 
t i o n .  

Alumina g e l  i s  appa ren t ly  i n f e r i o r  t o  s i l i c a  g e l  i f  used a lone ,  b u t  i s  
f a r  more s e n s i t i v e  t o  t h e  e f f e c t s  of promoters. Cu ox ide ,  up t o  3%, seems t o  be 
the  b e s t  of t h e  promoters.  

The most r e c e n t  Tsutsumi pa t en t  i s  ass igned  t o  Kurashik i  Rayon, r a t h e r  
than Chiyoda( l42) .  Only an a b s t r a c t  i s  a v a i l a b l e .  A 74.2z24.8 CO/H2 mixture  
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(no te :  
19 mm inner diameter hea ted  t o  55OoC, a t  the r a t e  of 100 l / h r .  

t h i s  adds up t o  99) i s  passed through a Cu tube,  w i th  a 310 mm l eng th  of 

Tsutsumi a l s o  has a paper t h a t  appeared i n  1956 i n  a Japanese j o u r n a l ,  
desc r ib ing  the  convers ion  us ing  CO/H2 = 1 : 2 ,  a t  300-350°C and 10-120 m Hg. 

The c a t a l y s t  i s  Co o r  N i  on alumina g e l ,  and the  product ,  which i s  about 10-20% 
of t h e  t r e a t e d  gas ,  c o n t a i n s  about  90% e thy lene .  This  appears  t o  be q u i t e  s imilar  
t o ,  i f  not i d e n t i c a l  w i th ,  t h e  p rocess  of t he  f i r s t  Tsutsumi p a t e n t ,  Jap.  4172/58. 

P e t e r s  has  ob ta ined  a p a t e n t  t h a t  has i s s u e d  i n  a t  l e a s t  the U . S . ,  B r i t a i n ,  
f f rance,  and A u s t r i a ( l 3 9 ) .  
Os te r r e i ch i sche  S t i cks to f fwerke .  The r e a c t i o n  i s  c a r r i e d  o u t  a t  350-450° over  a 
f o u r  component c a t a l y s t  which c o n t a i n s :  

The French and Aus t r i an  p a t e n t s  a r e  ass igned  t o  t h e  
L 

Chromium oxide  + (ZnO, Cu, o r  Ag); a meta l  o r  meta l  oxide 
a c t i v a t o r  i s  o p t i o n a l ,  and s e v e r a l  a l t e r n a t e s  t o  the  
chromium oxide  a r e  d i s c l o s e d ,  bu t  the p r e f e r r e d  component 
i s  C r  ox ide  + ZnO, o p t i o n a l l y  a c t i v a t e d  

A group 8 meta l ,  p r e f e r a b l y  Co. 
p r e f e r a b l y  0.1-1% of t h e  t o t a l  c a t a l y s t ;  i t  may be a c t i v a t e d  
e .g . ,  by Mn ox ide ,  Cu, o r  Ag 

This  c o n s t i t u t e s  up t o  10% 

An A l ,  S i ,  T i ,  Z r ,  Hf, Th, Sc,  Y, o r  r a r e  e a r t h  oxide  o r  
hydroxide,  e s p e c i a l l y  A 1 2 0 3  o r  K iese lguhr .  

An a l k a l i  metal ca rbona te ,  ox ide  o r  hydroxide i n  small 
amounts. A s a l t  which i s  c o n v e r t i b l e  t o  t h e  oxide  o r  
hydroxide may be used. Traces  of a l k a l i n e  p r e c i p i t a t i n g  
agen t s  l e f t  by incomplete washing c o n s t i t u t e  a s u i t a b l e  
amount. 

i n e r t  c a r r i e r  may be used,  o r  component (1)  o r  (3 )  may be used as 
c a r r i e r .  Var ious  c a t a l y s t  p r e p a r a t i o n  methods a r e  d i s c l o s e d ,  i n c l u d i n g  the  use of 
mix tu res .  Reac t ion  tempera ture  i s  (350-45O)-52O0C, and c o n t a c t  time i s  no more 
than  5 seconds, t o  minimize secondary r e a c t i o n s .  

The data show e x c e l l e n t  s e l e c t i v i t i e s ,  g e n e r a l l y  above 90% (a l though  no 
d a t a  i s  given on methane format ion ,  and i t  i s  r easonab le  t o  assume t h e r e  i s  some). 
These r e s u l t s  a r e  obta ined  w i t h  conve r s ions  of 5-10%, a t  tempera tures  around 400°C 
and atmospheric p re s su re .  However, i n  one run a t  20 atm, t h e  r e p o r t e d  d a t a  i n d i c a t e  
a s e l e c t i v i t y  of n e a r l y  88% even a t  a CO convers ion  l e v e l  o f  36.2%. P e t e r s  i n d i c a t e s  
a low degree of carbon d e p o s i t i o n ,  and c l a ims  a long  c a t a l y s t  l i f e .  I f  a l l  c l a ims  
a r e  t r u e ,  t h i s  p rocess  i s  a v e r y  a t t r a c t i v e  one. A summary of P e t e r s '  d a t a  i s  g iven  
i n  Table 10. 

In  the  absence of any f u r t h e r  i n fo rma t ion ,  i t  i s  probably  b e s t  t o  dism 
t h e  BASF work(136, 137) which should give l o t s  of coke, and seems t o  g ive  poor 
s e l e c t i v i t y .  
hence low convers ion ,  p rocess .  The Tsutsumi work(140, 143) i s  v e r y  confused ,  f u l  
of e r r o r s ,  and poor ly  r e p o r t e d .  Also,  t he  conve r s ions  a r e  low. 

Asboth's  p a t e n t ( l 3 4 )  has  the  d isadvantage  of be ing  a low p r e s s u r e ,  

P e t e r s '  work, however,(l39) seems t o  be based on c o n s i d e r a b l e  d a t a ,  and 
g i v e s  exce l l en t  s e l e c t i v i t i e s .  The one run  i n  which 88% s e l e c t i v i t y  i s  o b t a i n e d  
a t  36% conversion seems, if t r u e ,  t o  be  f a r  and away the  b e s t  r e p o r t e d  i n  t h e  
l i t e r a t u r e ,  and i t  might w e l l  be p o s s i b l e  t o  back o f f  a b i t  on conve r s ion  and 
b r i n g  t h e  s e l e c t i v i t y  back up ove r  90% a g a i n .  
s e l e c t e d  a s  the b a s i s  f o r  t h e  eng inee r ing  s tudy .  

Consequently,  t h i s  method was 

ss  
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CONVERSION OF HYDROCARBONS TO ACIDS 

The products  of t h e  r e d u c t i v e  polymer iza t ion  of carbon monoxide may be 
converted t o  f a t t y  a c i d s ' b y  v a r i o u s  means. I n  t h e  case  of n - p a r a f f i n s  only  d i r e c t  
ox ida t ion  i s  p e r t i n e n t ;  w i th  o l e f i n s  a g r e a t e r  v a r i e t y  of methods a r e  a v a i l a b l e .  
These include ox ida t ion ,  ozon iza t ion ,  epox ida t ion  and rearrangement and carbonyla-  
t i o n .  I n  a d d i t i o n  t h e  meta l  a l k y l s ,  i n t e r m e d i a t e s  i n  the Z ieg le r  process  may be 
ox id ized  o r  carboxyla ted  d i r e c t l y  t o  a c i d s  wi thou t  p r i o r  o l e f i n  format ion .  

Oxida t ion  of P a r a f f i n s  .. 
Most of t h e  work i n  t h i s  a r e a  w a s  c a r r i e d  o u t  i n  Germany and i s  summarized 

above. However, a few a d d i t i o n a l  comments a r e  a p p r o p r i a t e .  
s t r e s s  the importance of having a l i n e a r  feed s t o c k  of below C30 (bp 300-40OOC). 
I f  t he  feed con ta ins  a l a r g e  percentage  of i s o - p a r a f f i n s  n o t  on ly  l eads  t o  branched 
a c i d s  but a l s o  t o  l a r g e r  amounts of low molecular weight and hydroxy and k e t o  a c i d s  
( 2 7 ) .  
s tocks (27) .  
a c i d s ;  l i n e a r  hydrocarbons of t he  d e s i r e d  molecular weight are t h e  most d i f f i c u l t  
t o  prepare.  

S t o s s e l ( 2 7 )  and ~ a 1 1 ( 4 4 )  

A l i c y c l i c  hydrocarbons a r e  e s p e c i a l l y  undes i r ab le  i f  p re sen t  i n  the feed 
This emphasizes the  problems i n  t h e  Fischer-Tropsch r o u t e  t o  f a t t y  

Temperature, a i r  flow and c a t a l y s t  composition a l l  have a s i g n i f i c a n t  
e f f e c t  on the r a t e  and course  of t he  ox ida t ion (21 ,  2 2 ,  2 7 ,  44, 144) .  I n c r e a s i n g  
t h e  temperature reduces the  r e a c t i o n  time cons ide rab ly  b u t  h a s  an ave r se  e f f e c t  on 
q u a l i t y  of  the product(21, 2 7 ~  44) .  The t r o u b l e  a r i s e s  because p a r t i a l l y  ox id i zed  
m a t e r i a l s  r e a c t  f a s t e r  than the  hydrocarbons themselves l e a d i n g  t o  undes i r ab le  oxy- 
a c i d s .  
ox ida t ion  i s  i n t e r r u p t e d  whi le  a l a r g e  excess  of p a r a f f i n  i s  s t i l l  p r e s e n t  and ( 2 )  
ox ida t ion  tempera tures  a r e  maintained a s  low as p o s s i b l e .  

Two methods f o r  reducing  over o x i d a t i o n  have been employed(27): (1) the  

Oxida t ion  of O l e f i n s  

Unsaturated hydrocarbons may be c leaved  t o  a c i d s  by the a c t i o n  of  a i r  
o r  oxygen ( a u t o x i d a t i o n )  o r  w i th  v a r i o u s  o x i d i z i n g  agen t s .  Unfo r tuna te ly  the  auto-  
ox ida t ion  of o l e f i n s  i s  even l e s s  s e l e c t i v e  than t h a t  of t he  cor responding  s a t u r a t e d  
hydroca rbons (44~  147-148). 
deep seated and complex. S u r p r i s i n g l y  the  s i t e  of i n i t i a l  a t t a c k  i s  a l l y l i c  t o  t h e  
double bond : (145 Y 146, 148) 

O l e f i n s  r e a c t  more r a p i d l y  and t h e  o x i d a t i o n  i s  more 

Gall  i n v e s t i g a t e d  the a i r  o x i d a t i o n  of o l e f i n s  under c o n d i t i o n s  s i m i l a r  
t o  those employed i n  p a r a f f i n  o x i d a t i o n  and found s i g n i f i c a n t l y  lower y i e l d s  of 
the des i r ed  C 1 0 - c ~ ~  a c i d s ( 4 4 ) .  

most commonly used a r e  ~ h r o m i c ( ~ 4 9 - 1 ~ 1 )  and n i t r i c ( 1 5 2 )  a c i d s .  However, a l l y l i c  
a t t a c k  i s  s t i l l  a problem and mix tu res  o c c u r ( l 4 9 ,  150) .  I n  f a c t ,  about t he  on ly  
c a s e s  where the ox ida t ion  occur s  c l e a n l y  a r e  those i n  which t h e  o l e f i n  c o n t a i n s  no 

Somewhat b e t t e r  s e l e c t i v i t  i s  achieved  w i t h  o t h e r  o x i d i z i n g  a g e n t s .  The 

An example i s  t he  l a s t  s t e p  of t h e  c l a s s i c a l  Ba rb ie r -  
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(31 ) .  
The Oxo r e a c t i o n  

RCH = CH2 + CO + 

The products  a r e  aldehydes 

The Oxo Reaction 

invo lves  the  c a t a l y t i c  a d d i t i o n  of CO and H 2  t o  o l e f i n s  

c a t a l y s t  9 RCH2CH2CHO + RCHCH3 
H2 1 

CHO 

which a r e  e a s i l y  ax id ized  tz a c i d s .  The Oxo r e a c t i o n  
i s  u s u a l l y  c a r r i e d  out-  i n  the  l i q u i d  phase- a t  t empera tures  of 110-190°C. wi th  
p r e s s u r e s  of 1,500-6,000 (commonly 3,000) p . s . i . ;  t he  H2:CO r a t i o  i s  l : l ( I g 3 ) .  
v a r i e t y  of c a t a l y s t  have been claimed inc luding  compounds of i r o n ,  ca lc ium,  magnesium 
and z i n c .  However, the b e s t  c a t a l y s t  appea r s  t o  be c o b a l t .  E i t h e r  m e t a l l i c  c o b a l t  
o r  i t s  sa l t s  may be used. 

A 

The Oxo r e a c t i o n ,  however, a f f o r d s  a h igh  percentage  of secondary a ldehydes  
which would l ead  t o  undes i r ab le  branched-chain c a c i d s .  I n  a d d i t i o n ,  o t h e r  by-products  
a r e  formed inc lud ing  ke tones ,  a c i d s ,  a c e t o l s  and polymeric compounds(163). 

Ozonolysis 

The most r e l i a b l e  method f o r  degrada t ion  of an o l e f i n  t o  a ca rboxy l i c  
a c i d  i s  ozono lys i s  followed by o x i d a t i v e  decomposition of t h e  ozonide.  

RC02H + HC02H 

Ozone a t t a c k s  t h e  double bond s e l e c t i v e l y  and no rear rangements  occur .  
t h i s  method i s  commonly used a s  an a n a l y t i c a l  t o o l  f o r  de te rmining  t h e  p o s i t i o n  of 
double bonds(145, 153-1571, 

A s  a r e s u l t  

I n  an a c t i v e  s o l v e n t ,  such as an alcohol  o r  a c i d ,  an oxyperoxide r a t h e r  
than ozonide i s  formed(153, 155) .  This may a l so  be ox id ized  t o  a c i d s .  

H 
1 

OOH 

' OR' 
+ HCHO R ' O H  I RC = CH2 + O3 .-+RCH 

OOH 

RC02 H 
/ 
\ 

RCH 

OR. 

The procedure  has  advantages  i n  t h a t  formation of the  p o t e n t i a l l y  hazardous ozonide 
is avoided .  However, t h e  o x i d a t i o n  of t hese  " a c t i v e  in t e rmed ia t e s"  i s  somewhat 
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less' s e l e c t i v e  and a p p r e c i a b l e  q u a n t i t i e s  of oxyacids a r e  o b t a i n e d ( l 5 7 ) .  The use 
of i n e r t  d i l u e n t s  and low r e a c t i o n  tempera tures  e f f e c t i v e l y  reduces  the  danger of 
explosion i n  ozono lys i s  r e a c t i o n s .  Ozonolysis i s  a ve ry  h igh  y i e l d  r e a c t i o n .  
Asinger obta ined  a c i d s  i n  95-98% s e l e c t i v i t i e s ( l 5 6 ) .  
i n  chloroform so lu t ion (156) .  
excess  of ozone. Greenwood found t h a t  chloroform r e a c t s  w i th  ozone t o  l i b e r a t e  
phosgene(l60).  
t e t r a c h l o r i d e ( l 6 0 ) .  
engineer ing  s tudy  desc r ibed  below Freon 11 (fluorotrichloromethane) i s  sugges ted .  

He c a r r i e d  o u t  the ozono lys i s  
If chloroform i s  the  so lven t  i t  i s  b e s t  t o  avoid an 

Greenwood recommended wa te r ,  a c e t i c  a c i d ,  e t h y l  c h l o r i d e  and carbon . 
The f r e o n s  would seem t o  be r easonab le  a l t e r n a t e s .  For t h e  

Various o x i d i z i n g  agen t s  have been used t o  conve r t  t he  i n t e r m e d i a t e s  
ozonide t o  a c i d s .  Espec ia l1  good a r e  b a s i c  s i l v e r  oxide(155, 156) e r  a c i d s  

s a l t s ( 1 6 2 )  promotes the o x i d a t i o n  wi th  molecular  oxygen o r  a i r .  
(155, 158, 159) and oxygen (1359 1615 162) .  A t r a c e  of ozone (155, 1 b l P  o r  i r o n  

Ozonolysis appea r s  t o  be the b e s t  of t he  simple methods f o r  the convers ion  
of Ziegler  o l e f i n s  t o  pure  f a t t y  a c i d s .  The d isadvantage  of hand l ing  exp los ive  
in t e rmed ia t e s  i s  more than  o f f s e t  by the  h igh  y i e l d s  and q u a l i t y  o f  t he  products .  
However, such products  would c o n t a i n  s t r i c t l y  odd-carbon a c i d s ,  t he  n u t r i t i o n a l  
v a l u e  of which i s  n o t  known wi th  c e r t a i n t y .  This  a s p e c t  of t h e  problem i s  d i scussed  
i n  more detai l  below. 

The r e q u i s i t e  ozone may be pre  ared conven ien t ly  by pass ing  an e l e c t r i c a l  
d i scharge  through oxygen o r  a i r ( 1 5 3 ,  1 5 8 .  
(153) and o t h e r s  a r e  commercially a v a i l a b l e ( l 5 5  P . 
by e l e c t r o l y s i s  of s u l f u r i c  o r  p e r c h l o r i c  ac ids (153) .  
p re sen t  eng inee r ing  s tudy  a l a b o r a t o r y  ozonator  a s  desc r ibed  by Maggiolo(l55) w a s  
assumed. Fur the r  d e t a i l s  a r e  g iven  below. 

S i m  l e  ozona to r s  have been desc r ibed  
Ozone has  a l s o  been produced 

For t h e  purposes of  t h e  

A source of ozone of s p e c i a l  i n t e r e s t  t o  space technology i s  a f f o r d e d  by 

The mechanism of the  p h o t o l y s i s  i s  n o t  f u l l y  unders tood .  One proposa l  
i r r a d i a t i o n  of oxygen by u l t r a v i o l e t  l i g h t  of wavelength s h o r t e r  than 21001(153~  
182-1861. 
sugges ts  t h a t  decomposition i n t o  oxygen atoms i s  followed by recombination wi th  
molecular oxygen(l82).  This  scheme accounts  f o r  t h e  

o2 ___$ 20.  

0. + O2 - O3 

observed quantum y i e l d  of two bu t  p r e d i c t s  an e f f e c t i v e  wavelength of 2427A, a 
range i n  which no O3 format ion  i s  observed(182) .  
formation o f  a c t i v a t e d  0 2 .  

Another p o s s i b i l i t y  i nvo lves  t h e  

02 + HV _j 02* 

0*2 + 02-03 + 0 .  

0. + 02 _L) 0 3  

The e f f i c i e n c y  of t h e  photochemical method i s  low i f  t h e  u l t r a - v i o l e t  
r a d i a t i o n  must be ob ta ined  by convers ion  of  e l e c t r i c a l  energy  (5 gm. O3/kwh V S .  up 
t o  300 gm. O3/kwh by s i l e n t  d i s c h a r g e ) ( l 8 2 ) .  
u l t r a v i o l e t  were a v a i l a b l e ,  a s  i n  space ,  t h e  method could  become p r a c t i c a l .  

However, if a t a i lo r -make  source  of 
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Aldeh des such a s  those obta ined  i n  the Oxo s y n t h e s i s ,  a r e  r e a d i l y  ox id i zed  
t o  a c i d s  (149, 171, 173) .  Potassium permanganate 

RCHO . KMN04 > RCO2H 
H2S04 

.I i n  a l k a l i n e  o r  a c i d i c  s o l u t i o n  i s  f r e  u e n t l  
common o x i d i z i n g  agen t  may be used ( l4g ,  1717.  
o x i d e ( l 4 9 ~  171) and p e r a c e t i c  ac id (172) .  
board a s p a c e c r a f t  molecular  oxygen o r  a i r ( 1 7 2 ~  173) would be t h e  r eagen t s  of 
cho ice .  

employed(l49) a l though almost any 
Laboratory f a v o r i t e s  a r e  s i l v e r  

However, f o r  purposes of s y n t h e s i s  on 

S a l t s  of i ron (172)  and manganese(l73) a c c e l e r a t e  the o x i d a t i o n .  

A i r ,  70" 

Mn(+ 2) 02 (Fe+3) 
RCHO 

Rearranpement of Epoxides 

One of t he  q u e s t i o n  marks i n  t h e  ozonolys is  method i s  the n u t r i t i o n a l  
v a l u e  of t h e  odd-carbon a c i d s  produced. One method f o r  p r e s e r v i n g  the even carbon 
c h a i n  would be t o  epoxid ize  t h e  o l e f i n  and r ea r r ange  t o  an aldehyde(166-170). 
would be followed by o x i d a t i o n  t o  a c i d s  as  descr ibed  above. 

This 

el 
(0 1 RCH = CH2 H202 3 RCH-CH2 H30 or ) RCH2CH0 -0 RCH2C02H 

'0' Heat 
HC02H 

Such a c i d s  would correspond e x a c t l y  t o  the  Z ieg le r  o l e f i n s  and, hence would c o n t a i n  
o n l y  even numbers of carbon atoms. 

Epoxide rear rangements  have been s tud ied  e x t e n s i v e l y  i n  o rde r  t o  determine 
t h e  mig ra to ry  a p t i t u d e  of v a r i o u s  groups i n  simulated p inaco l  rear rangements ( l68) .  
The rearrangement may be brought about by h e a t  o r  by the a c t i o n  of minera l  o r  Lewis 
a c i d s .  Ethylene and propylene have been converted smoothly a t  h igh  tempera tures  t o  
t h e  cor responding  a ldehydes( l68 ,  169) .  With higher ox ides ,  however, the p i c t u r e  
i s  l e s s  c l e a r - c u t  and mix tu res  of o l e f i n s  and ke tones  r e ~ u l t ( ~ 6 7 ,  168) .  

Oxides of @ - o l e f i n s  would be expected t o  y i e l d  aldehydes by analogy 
w i t h  e a r l i e r  w o r k ( l 6 c  168, 169).  
C3) have n o t  been s t u d i e d  e x t e n s i v e l y  and cons ide rab le  amounts of ke tones  might 
a l s o  be formed. 

However, high molecular  weight  compounds (above 

Conversion of Z i e g l e r  In t e rmed ia t e s  t o  Acids 

The in t e rmed ia t e  aluminum a l k y l s  from t h e  Z i e g l e r  r e a c t i o n  may be 
conve r t ed  t o  a c i d s  via t he  cor responding  a lcohol (72 ,  174) o r  by ca rboxy la t ion ( l75 ,  
(179) w i t h  CO2. 
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The ox ida t ion  and h y d r o l y s i s  of t he  aluminum a l k y l s  t o  the  cor responding  
a lcohols  provides  a second method f o r  p re se rv ing  t h e  carbon ske le ton  of the Z i e g l e r  
growth product  and, hence,  f o r  p repa r in  a c i d s  of an even number of carbon atoms. 
The r eac t ion  has been commercialized(17&). I t  proceeds i n  two d i s c r e t e  r e a c t i o n s :  

. 

R3 
/ OR1 

(2 )  A 1  - OR2 + 3H2S04 -= RIOH + R20H + R30H 
\ '  OR^ 

Considerable process ing  i s  r equ i r ed .  This sequence would have t o  be g r e a t l y  s impl i -  
f i e d  f o r  space c r a f t  a p p l i c a t i o n s  and some method (such as r egene rab le  exchange 
r e s i n s )  developed t o  prevent  t h e  l o s s  of s u l f u r i c  a c i d  and sodium hydroxide.  The 
major problem, however, i s  t h a t  t he  Z i e g l e r  c a t a l y s t ,  aluminum t r i e t h y l ,  i s  conver ted  
t o  aluminum s u l f a t e  o r  oxide.  Since a cons ide rab le  amount of c a t a l y s t  i s  r equ i r ed  
( s e e  d i scuss ion  of eng inee r ing  s tudy  below) t h i s  r e p r e s e n t s  a cons ide rab le  l o s s .  
Regeneration of t he  Z i e g l e r  c a t a l y s t  i nvo lves  t h e  fo l lowing  s e r i e s  of o p e r a t i o n s :  

4 A 1  + 3 0 2  e l e c t .  2A1203 c r y o l i t e  ) 

3)  3 AlH(C2H5)z + 3CH2'CHz ___j 3 Al(C2H5)3 

This  sequence was examined and found t o  be too c o s t l y  i n  terms of power, weight  
and complexity t o  be cons ide red .  

D i r e c t  Svn thes i s  of Acids by Reac t ion  o f  Alumina Alkyls  w i th  CO? 

The d i r e c t  convers ion  of Z i e g l e r  growth a l k y l s  t o  a c i d s  by r e a c t i o n  wi th  
CO2 i s  s u p e r f i c i a l l y  most a t t r a c t i v e .  
f o r  recover ing  a lpha  o l e f i n s  from the  growth product  and would a l s o  avoid  n e c e s s i t y  
f o r  ozonolys is  o r  o therwise  o x i d i z i n g  i n t e r m e d i a t e s .  The immediate drawback i s  the 
f a c t  t ha t  the aluminum a l k y l  would be conve r t ed  i n  t h e  h y d r o l y s i s  s t e p  t o  alumina, 
o r  perhaps under some c o n d i t i o n s ,  t o  an aluminum s a l t  such a s  t h e  c h l o r i d e  o r  
s u l f a t e .  A most u n a t t r a c t i v e  s e r i e s  of p rocess  s t e p s  would then be r e q u i r e d  t o  
r ecyc le  t h e  aluminum com ound t o  aluminum t r i e t h y l  as desc r ibed  above. 
Z i e g l e r  and 0 t h e r s ( l 7 5 - ~ 7 ~ )  have found t h a t  t h e  maximum y i e l d s  of a c i d s  by t h i s  
Process  is 60% and then  on ly  under f o r c i n g  c o n d i t i o n s  ( s e e ,  e s p e c i a l l y ,  r e f e r e n c e  

ethylaluminum from the s a l t .  

Such a r e a c t i o n  would avoid the  n e c e s s i t y  

I n  a d d i t i o n  

However, t h e  most s e r i o u s  o b j e c t i o n  i s ,  a g a i n ,  t h e  need t o  r e g e n e r a t e  t r i-  
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CONVERSION OF FATTY ACIDS TO GLYCERIDES 

The e s t e r i f i c a t i o n  of f a t t y  a c i d s  wi th  g l y c e r o l  p r e s e n t s  no s p e c i a l  problems. 
It was known a s  e a r l y  a s  1854 t h a t  f a t t y  a c i d s  could be conver ted  t o  t h e i r  g l y c e r o l  

CH20H CH20COR 
I h e a t  1 

RC02H + vHoH wi th  or  wi thout  ’ I 

CH20H c a t a l y s t s  CH20COR 

CHOCOR + H 2 0  

e s t e r s  by h e a t i n g  t h e  two compounds above 180°C i n  s e a l e d  tubes(185). 
t i m e ,  t h e  e s t e r i f i c a t i o n  has  been s t u d i e d  e x t e n s i v e l y  e s p e c i a l l y  f o r  t h e  s y n t h e s i s  
of mixed g l y c e r i d e s  of known s t r u c t u r e ( l 8 6 ) .  
p roduct ion  of s imple,  mixed g l y c e r i d e s  w i l l  be cons idered .  

S ince  t h a t  

For t h i s  r e p o r t  on ly  methods f o r  

Cata lyzed  E s t e r i f i c a t i o n  

The r e a c t i o n  may be  c a r r i e d  o u t  e i t h e r  c a t a l y t i c a l l y ( 2 0 ,  22,  27, 29, 186-191) 
o r  i n  t h e  absence  of c a t a l y s t s ( l 8 6 ,  187, 192, 195). Acid c a t a l y s t s  a r e  f r e q u e n t l y  
used(186, 188-1911 and v a r i o u s  s u l f o n i c  a c i d s  appear t o  be t h e  b e s t ,  e s p e c i a l l y  i f  
wa te r  i s  removed a z e o t r o p i c a l l y  du r ing  t h e  r eac t ion .  Benzene- and t o l u e n e s u l f o n i c  
a c i d s  a r e  o f t e n  used. The l a t t e r  is claimed t o  be b e t t e r ( l g O ) .  
a c i d  h a s  been recommended a s  s u p e r i o r  t o  t h e  more common naphtha lene-  $ - s u l f o n i c  a c i d  
(188). 
may c a t a l y z e  dehydra t ion  of  t h e  a l c o h o l ( l 9 1 ) .  

Camphor- @ - s u l f o n i c  

Acid c a t a l y s t s  f r e q u e n t l y  cause  darkening o f  t h e  products(188, lg0, Ig1) and 
For i n s t a n c e ,  g l y c e r o l  y i e l d s  a c r o l e i n :  

H:O 
> CH2’CHCH0 

CH2CHCH2 1 1 1  ‘-H20 r H 2 = C = i ; ]  c 
OH OHOH 

F i n e l y  d iv ided  z i n c  o r  t i n  meta l  was used by t h e  
weight  pe rcen t  was employed a t  t empera tures  of  about 200°C. Apparent ly  some c o l o r  
was produced s i n c e  a b l each ing  s t e p  was inc luded  i n  t h e  p rocess (22 ,  29).  
d e t a i l s  on t h e  German process  were g iven  above. 

2 2 y  27, 2 9 ) .  About 0.2 

F u r t h e r  

Feuge et. s. s t u d i e d  both  t h e  ca ta lyzed  and unca ta lyzed  e s t e r i f i c a t i o n ( 1 8 7 ) .  
They recommended t%e use of about  0.002 mole percent  of t i n  o r  z i n c  c h l o r i d e s  a s  
c a t a l y s t s .  Such c a t a l y s t s  pe rmi t t ed  t h e  use of 175°C tempera tures  ( a s  compared t o  
250°C o r  h ighe r  i n  absence of c a t a l y s t )  and seemed t o  y i e l d  a h i g h e r  q u a l i t y  
g l y c e r i d e ( l 8 7 ) .  However, s e p a r a t i o n  of t h e  m e t a l  s a l t s  from t h e  product  was d i f f i c u l t .  

Uncatalyzed E s t e r i f i c a t i o n s  

The ca t a lyzed  e s t e r i f i c a t i o n s  have a common d isadvantage .  They a r e  ba t ch  
p rocesses  and involve  l o s s  of t h e  c a t a l y s t .  I n  most i n s t a n c e s ,  s e p a r a t i o n  from t h e  
c a t a l y s t  i s  a major problem(28, 187). It has been amply demonst ra ted( l86 ,  193-195) 
t h a t  the r e a c t i o n  proceeds r e a d i l y  a t  h igh  temperatures i n  t h e  absence of c a t a l y s t  
provided t h e  w a t e r  i s  removed a s  formed. Bel lucc i  ob ta ined  s i n g l e  o r  mixed t r i g l y c e r i d e s  
i n  95-98% y i e l d s  by h e a t i n g  e q u i v a l e n t  q u a n t i t i e s  of f a t t y  a c i d s  and g l y c e r o l  a t  a 
reduced p r e s s u r e  o f  2 c m ( i y j - l q 5 j .  
240°C ove r  a 5 -6  hour pe r iod .  

The temperature was r a i s e d  siowiy from 180°C to 
The f u n c t i o n  o f  the vacuum was t o  remove water  t o  d r i v e  
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t h e  r e a c t i o n s .  B e l l u c c i  a l s o  found t h a t  e s t e r i f i c a t i o n  proceeded r e a d i l y  a t  atmos h e r i c  
p re s su re  i f  wa te r  w a s  removed con t inuous ly  i n  a s t ream of i n e r t  gas  such a s  cO2(”‘). 
Quan t i t a t ive  i e l d s  were ob ta ined .  With e i t h e r  procedure product  q u a l i t y  w a s  claimed 
t o  be good(193-195). 
Glycerides a r e  r e p o r t e d  t o  be uns t ab le  above t h i s  p o i n t ( l 8 9 ) .  
h ighe r  temperatures i n  t h e i r  s t u d i e s  of t h e  unca ta lyzed  e s t e r i f i c a t i o n  and t h i s  may 
account  f o r  the c o l o r i n g  they  observed. 

B e l l u c c i  employed a maximum tempera ture  of about 24OoC(193). 
Feuge et. &.(187) used 

The mechanism of t h e  unca ta lyzed  e s t e r i f i c a t i o n  has been s t u d i e s  by s e v e r a l  
workers i nc lud ing  Hartman(l92) and Feuge(187, 189) .  
s t a g e s  and fo l lows  second o r d e r  k i n e t i c s .  

The r e a c t i o n  proceeds i n  two 

For s p a c e c r a f t  a p p l i c a t i o n s ,  t he  unca ta lyzed  e s t e r i f i c a t i o n  wi th  vacuum 
water  removal i s  c l e a r l y  t h e  s u p e r i o r  method. I t  can be inco rpora t ed  r e a d i l y  i n  a 
continuous p rocess  and does n o t  r e q u i r e  r e g e n e r a t i o n  of spent  c a t a l y s t .  S ince  
e s t e r i f i c a t i o n  r e p r e s e n t s  t h e  f i n a l  s t e p  i n  the  product ion  sequence, p r o v i s i o n s  f o r  
p u r i f i c a t i o n  must be made. The Germans washed t h e i r  p roduct  w i th  sodium hydroxide ,  
bleached it and removed i m p u r i t i e s  by steam d i s t i l l a t i o n ( 2 9 ,  196) .  B e l l u c c i  found 
t h a t  water washing and d ry ing  over a b a s i c  d ry ing  agen t  (ca lc ium ca rbona te )  was 
s u f f i c i e n t ( l 9 5 ) .  For t h e  purposes of t he  eng inee r ing  des ign  desc r ibed  below, h igh  
vacuum steam t rea tment  w a s  s e l e c t e d  a s  t he  most convenient  p u r i f i c a t i o n  procedure .  
This would, o f  cour se ,  have t o  be v e r i f i e d  i n  a c t u a l  p r a c t i c e .  
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SYNTHESIS OF GLYCEROL 

For t h e  product ion  of s y n t h e t i c  f a t s ,  p a t t e r n e d  a f t e r  n a t u r a l  models, a 
source of g l y c e r o l  i s  necessary .  I n  a d d i t i o n  to i t s  use i n  f a t  s y n t h e s i s ,  g l y c e r o l  
has been sugges ted(5 ,  13) as a poss ib l e  source  of d i e t a r y  energy i n  i t s  own r i g h t .  
I n  a c losed  loop  e c o l o g i c a l  system the  g lyce ro l  must be syn thes i zed  from r e a d i l y  
a v a i l a b l e  m a t e r i a l s  on board t h e  space c r a f t .  

e 
Most g l y c e r o l  i s  produced c u r r e n t l y  by h y d r o l y s i s  of n a t u r a l  f a t s  a s  a 

by-product of the soap i n d u s t r y ( 1 7 ,  l g 7 ) .  Some i s  produced by f e r m e n t a t i o n ( l 7 ,  197) 
and small  amounts from propylene(5 ,  lg7, l g 8 ) .  None of t hese  methods a r e  a p p l i c a b l e  

candida te  p rocesses  were d iscovered .  These a re  ( 1 )  p r e p a r a t i o n  d i r e c t l y  from CO and 
H2,(2) s y n t h e s i s  from ace ty l ene  y& a c r o l e i n  and a l l y ?  a?c=h=?, ( 3 )  t r i m e r i i a t i o n  of 
formaldehyde, and ( 4 )  hydrogenolys is  of carbohydra tes .  The l a s t  of these w a s  s e l e c t e d  
f o r  t he  eng inee r ing  model f o r  reasons  o u t l i n e d  below. 

SI t o  g l y c e r o l  s y n t h e s i s  under cond i t ions  of space t r a v e l .  For t h i s  purpose f o u r  

Glvcerol Svn thes i s  from CO and H3 

This  method has the  lowes t  recommendation of t h e  fou r  schemes. It has  
s i m p l i c i t y  i n  i t s  favor  and employs r e a d i l y  a v a i l a b l e  s t a r t i n g  m a t e r i a l s .  However, 
y i e l d s  a r e  low, s e p a r a t i o n s  d i f f i c u l t  and t h e  a v a i l a b l e  informat ion  i s  scan ty  and of 
doub t fu l  v a l u e .  I n  gene ra l  t h e  r e a c t i o n  i s  more promising f o r  product ion  of e thy lene  
g l y c o l  than g l y c e r o l .  

The on ly  publ i shed  informat ion  concerning t h i s  r e a c t i o n  i s  conta ined  i n  a 
s e r i e s  of p a t e n t s  by Gresham(199-204). 
n i c k e l ,  ruthenium, copper ,  chromium and manganese s a l t s )  a t  h igh  tempera tures  and 
p r e s s u r e s  t o  o b t a i n  e thy lene  g lyco l  and i t s  formate e s t e r s ( l 9 9 ,  200). Glycerol was 
ob ta ined ,  as t r i a c e t i n ,  on ly  when a c e t i c  a c i d  was the  s o l v e n t  and y i e l d s  were poor.  

He employed c o b a l t  c a t a l y s t  (bu t  a l s o  claimed 

Syn thes i s  from Acetylene o r  Ethylene 

Glycero l  may be produced from ace ty l ene  by t h i s  s e r i e s  of r e a c t i o n s ,  . (205-228) 

> HCaCCHzOH C U  (CZCH) 3 
( 1 )  HCZ CH + HCHO 

(2)  HCzCCH20H H2 > H2C = CHCH20H 

(3)  CH2 = CHCH20H CH2CHCH2 
1 1 1  

OH OHOH 

T h i s  sequence i s  w e l l  known and a good dea l  of d a t a  on each s t e p  i s  
a v a i l a b l e .  It has  the advantage of be ing  r e l i a b l e  and of g iv ing  f a i r  y i e l d s  of 
pure p roduc t s  by e s t a b l i s h e d  methods. However, the complexity involved ,  t h e  need 
f o r  h a n d l i n g  hazardous m a t e r i a l s  and need f o r  c a t a l y s t  make-up combine t o  make t h i s  
r o u t e  l e s s  a t t r a c t i v e  than the  schemes involv ing  formaldehyde polymerization. 

S ince  e thy lene  may be a v a i l a b l e  f o r  t h e  Z i e g l e r  s y n t h e s i s ,  i t  must be 
cons ide red  as a yreclii-sor t o  g?jrccre?. One rnnt_e i nvo lves  condensa t ion  wi th  
formaldehyde i n  a P r i n s  r e a c t i o n ,  (229) followed by dehydra t ion  t o  a l l y l  a l c o h o l  and 
h y d r o x y l a t i o n  a s  desc r ibed  above. 
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c9 

H30 (1) CH2=CH2+HCHO CH2CH2CH20H 

OH 

( 3 )  CH2=CHCH20H -) H202 CH2CHCH2 
1 1 1  

OH OHOH 

Ethylene ,  however, r e a c t s  ve ry  s l u g g i s h l y  under normal P r i n s  c o n d i t i o n s ,  (229, 230) 
r e q u i r i n g  e l eva ted  tempera tures ,  s t r o n g  a c i d  c a t a l y s t s  and a f f o r d i n g  poor y i e l d s  of 
d i o l .  

T r imer i za t ion  of Formaldehyde 

Formaldehyde may be se l f -condensed  t o  t h r e e  carbon suga r s  and hydroxy 
ke tones  under the in f luence  of a l k a l i .  The products  may be hydrogenated t o  g l y c e r o l .  

Base 
(1) HCHO j HOCH2CHCHO + CH2COCH2 + h ighe r  sugars  

1 I I 

OH OH OH 

(2) HOCH2CHCHO + CH2COCH2 .A) 2CH2CHCH2 
I 1 1 1 1 1  C a t .  

OH OHOH OH OH OH 

e r i z a t i o n  of formaldehyde t o  h ighe r  suga r s  w a s  
. Since t h a t  time a cons ide rab le  amount of 

The base ca t a lyzed  
d iscovered  over 100 y e a r s  ago 
r e s e a r c h  has appeared. The r e a c t i o n  u s u a l l y  r e s u l t s  i n  a complex m i s t u r e  of 
p roduc t s .  However, r e c e n t  work has  been aimed a t  product ion  of t h e  lower,  C-2  and 
C-3, sugars  w i t h  some success .  Only these  l a t e r  r e p o r t s  a r e  germane t o  g l y c e r o l  
s y n t h e s i s .  Reviews of e a r l y  work on t h e  formaldehyde condensa t ion ,  e s p e c i a l l y  
l ead ing  t o  g l y c e r o l  and e thy lene  g l y c o l ,  may be found i n  r e f e r e n c e s  235, 236 and 
251. For lead ing  r e f e r e n c e s  t o  s y n t h e s i s  of h ighe r  suga r s  s e e  r e f e r e n c e s  241, 248, 
and 251. The mechanism of the  r e a c t i o n  has  r ece ived  c o n s i d e r a b l e  a t t e n t i o n ( 2 3 9 ,  241). 
The r e a c t i o n  i s  a u t o c a t a l y t i c  and has  a long induc t ion  pe r iod .  P f e i l  and Ruckert(241) 
formulated the  r e a c t i o n  a s  shown i n  F igu re  1 3 .  

The condensation i s  compl ica ted  by t h e  concur ren t  format ion  of products  
from t h e  Cannizzaro r e a c t i o n :  

2HCHO ) HC02Na + CH30H NaoH 

The amount of Cannizzaro product i s  de enden t  on t h e  type of  c a t a l y s t  used. 
was demonstrated by P f e i l  and S c h r ~ t h ( ~ ~ ~ ) ,  who found t h a t  T l O H  was q u i t e  e f f e c t i v e  
i n  suppress ing  t h i s  undes i red  s i d e  r e a c t i o n  ( s e e  F igu re  1 4 ) .  

This  
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Figure 13 - Condensation of Formaldehyde under the Influence 
of Alkali (Pfeil and Ruckert)(241) 

CHaOI 
CH:O alkali Cannirzaro 

C U N C  Catalyst conc. ratio reaction 
A NaOH 0.07ON 0.58’3.11 8.3 100% 
B Ba(0HX 0.082 0.514 6.4 100 
C LiOH 0.076 0.491 6.5 100 
D Ca(OHh 0.046 0.361 i.6 62 
E TlOH 0.082 0.53 6 . i  9 

Figure 1 4 -  Course of Reaction of Aqueous Formaldehyde 
with Alkaline Catalysts at 6O0C(240) 
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The same e f f e c t  w a s  ob ta ined  by a d d i t i o n  of a s a l t  c o n t a i n i n g  the  T1(+) 
Cat ion .  The Cannizzaro r e a c t i o n  was g r e a t l y  reduced a t  low formaldehyde concent ra -  
t i o n ,  and more s i g n i f i c a n t l y ,  i t  was completely r ep res sed  by the  a d d i t i o n  of d i -  
hydroxyacetone t o  t h e  r e a c t i o n  mixture .  Dihydroxyacetone a l s o  had a c a t a l y t i c  
e f f e c t  on t h e  r a t e  of r e a c t i o n ( 2 4 0 ) .  
dihydroxyacetone, g lycera ldehyde ,  g lycola ldehyde  and s e v e r a l  o t h e r  compounds 
possess ing  the "enediol" s t r u c t u r e  a r e  e f f e c t i v e  i n  suppres s ing  t h e  Cannizzaro 
r e a c t i o n .  Thus the need f o r  t he  expensive T l O H  could be obv ia t ed .  Cur ren t ly  the 
a l k a l i n e  c a t a l y s t s  ernployed a r e  Ca(OH)2 o r  Pb(OH)2, a l though a v a r i e t y  of o t h e r s  
have been used, e s p e c i a l l y  i f  h ighe r  suga r s  a r e  des i r ed (251) .  

Other workers have found t h a t ,  i n  a d d i t i o n  t o  

C a t a l y s t s  t o  Favor Lower Sugars 

The major problem i n  t h e  t r i m e r i z a t i o n  s y n t h e s i s  l i e s  i n  s topping  the  
condensation a t  the 3- carbon s t a g e .  
condensation s h o r t l y  a f t e r  i t  began and demonstrated t h a t  g lycera ldehyde  and d i -  
hydroxyacetone were the  primary products .  However, a t  t h i s  s t a g e ,  on ly  a small 
amount of formaldehyde had r e a c t e d .  
proceeding i n  two d i s c r e t e  s t a g e s :  

P f e i l  and Ruckert(241) i n t e r r u p t e d  the 

Langenbeck(235) d e s c r i b e s  the  condensa t ion  a s  

(2 )  CH2CHO + HCHO Tr iose  
I f a s t  
OH 

Tr iose  + HCHO Pentose fas t  

T r iose  + Pentose Higher suga r s  
e t c .  ' 

The f i r s t  s t e p  i s  of t h e  acy lo in  type and i s  au to -ca t a lyzed  wh i l e  t h e  second 
sequence of r e a c t i o n s  a r e  base  c a t a l y z e d  a l d o l  condensa t ions .  
was sought which would a c c e l e r a t e  s t e p  one, would be more e f f e c t i v e  a s  a c a t a l y s t  
than glycolaldehyde i t s e l f  and would be a c t i v e  a t  low pH t o  i n h i b i t  the a l d o l  
condensation. 
w i th  lead hydroxide (235-2i ;79 243).  Lead hydroxide w a s  l e s s  e f f e c t i v e  a s  a c a t a l y s t  
than a l k a l i n e  e a r t h  hydroxides r e q u i r i n g  h i g h e r  r e a c t i o n  tempera tures .  However, i t  
favored the product ion  of lower suga r s  (F igu re  1 5 ) .  

Thus a c a t a l y s t  

The b e s t  s s t e m  was benzoy lca rb ino l  and i t s  d e r i v a t i v e s  i n  con junc t ion  

Varying the  amounts of l ead  hydroxide o r  benzoy lca rb ino l  had l i t t l e  
e f f e c t  on y i e l d  of lower suga r s  ( F i  u r e s  16 and u), a l though  t h e  r a t e  of formalde- 
hyde disappearance was somewhat i n f luenced  -235). Ra i s ing  t h e  tempera ture  served t o  
speed up the  r e a c t i o n  b u t  d i d  n o t  e f f e c t  t h e  y i e l d .  

From these  o b s e r v a t i o n s  Langenbeck(235) recommended the  use of 20% 
formaldehyde i n  30% methanol w i t h  1% Pb(OH)2 (measured as PbO) and 0.1 M Benzoyl- 
c a r b i n o l .  The methanol was a p p a r e n t l y  added t o  suppres s  the  Cannizzaro r e a c t i o n .  
The condensation was c a r r i e d  o u t  a t  75-90°C and f o r  b e s t  y i e l d s  of C2-C4 s u g a r s ,  
was i n t e r r u p t e d  a f t e r  75% r e a c t i o n .  A t y p i c a l  p roduct  d i s t r i b u t i o n  i s  g iven  below. 

% Yield  
C-2  F r a c t i o n  40-42 
C-3 F r a c t i o n  10- 1 2  
C-4 F r a c t i o n  18-21  
Residue 20-25 
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min 

Figure  15 - Pb(OH)2 vs. Ca(OH)2 C a t a l y s i s ;  Both cu rves  4% HCHO So ln . ;  
Curve 1: 
Curve 2 :  

1/400 M benzoylcarb inol ,  1/100 M Ca(OH)2; 
1/400 M benzoylcarb inol ,  1/100 M Pb(OH)3(235) 
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Figure  16 - E f f e c t  of Pb(OH)2 Concentrat ion on Yield of Lower Sugars and Rate  of 
CH20 Disappearance; 100 m l  20% CH20 Soln.  and 1/100 M Benzoylcarb inol ;  
Curve 1: 4% Pb(OH)2; Curve 2 :  2% Pb(OH)2; Curve 3: 1% Pb(OH)2; 
Curve 4 :  0.5% Pb(OH)2; T = 25OC(235) 

Langenbeck a l s o  found t h a t  r e  l ac ing  the  -OH group of benzoylcarb inol  with 
-NHR a f f o r d e d  an  e f f e c t i v e  ca t a lys t (235P .  These a r e  phenacylamines.  

Benzoylcarbinol  a Phenacylamine 
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Figure 17 - Effect of Increased Benzoylcarbinol Concentration of Yield 
of Lower Sugars and Rate of CH20 Disappearance; 100 mls 10% 
CH20 soh.; 0.5% J?b(OH)2; Curve 1: 
Curve 2: 1/200 M Benzovlcarbinol(2~5) 

1/100 M Benzoylcarbinol. 

Phenacyl derivatives of ion exchange resins are also good catalysts. Langenbeck 
recommended phenacylp~lyaminostyrene(~~~). 
active than benzoylcarbinols, act as heterogeneous catalysts and are more easily 
separated from the reaction mixture(235, 237). In addition they are easily re- 
generable. These are compared with the carbinols in Figure 18. The product 
distribution with the heterogeneous catalysts is quite similar to that obtained 
with benzoylcarbinol : 

Such materials although somewhat less 

C2 Fraction 44-46% 
C3 Fraction 8- 10% 
C4 Fraction 21-25% 

Residue 18-20% 

A Two Step Procedure 

The easiest compound to prepare by formaldehyde condensation appears to 
be the simplest: 
benzoylcarbinol and lead hydroxide (237). 
of glycolaldehyde into glyceraldehyde in 75% yield. The key to the successful 

glycolaldehyde(235, 236). Yields of 50% have been obtained using 
Kuzin(244) has demonstrated the conversion 

CH2CHO 4- HCHO Ca(oH)2 ) CH2CHCHO 
I 35 O I I  

OH OH OH 

isolation of glyceraldehyde is apparently rapid neutralization of the basic Solution 
with oxalic acid before higher sugars can be formed. However, this claim fS fairly 
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well documented. Kuzin also prepared glycolaldehyde but in only 4% yield. The 
possibility exists, therefore, of synthesizing glycolaldehyde according to Langen- 
be~k(23~3 237, 243) and converting it to glyceraldehyde as described by Kuzin(244). 
However, the somewhat complicated recovery procedures would have to be refined. 

Figure 18 - Phenacyl-ionexchange Resins as Catalysts for the Formaldehyde Condensation. 
4% CH20, 2% Pb(OH)2, 2,5 m-valence catalyst, 75°C. I: benzoylcarbinol; 
11: p-acetamido-benzoylcarbinol; 1: acylamino compound of Amberlite xE64 
and p-aminobenzoylcarbinol acetate; 2: phenacyl-polyaminostyrene; 
3: phenacyl-Wofatite MD; 4: phenacyl-Wofatite N; 5: no catalvst(235) 

Hydrogenation to Glycerol 

H2 
CH2CHCHO Raney Ni > CH2CHCH2 
I 1  I 1 1  

OH OH OH OHOH 

To convert glyceraldehyde to glycerol, Langenbeck used Raney nickel and a 
nickel-zinc 'hixed oxalate" preparation as catalysts with pressures of 100-130 
atmospheres and temperatures of 130°c(235). The solvent was aqueous methanol. 
catalysts which have been employed include platinum(235, 246) 
(236) and other copper catalysts on various s ~ p p o r t s ( ~ ~ ~ ~  2463. 
quantitative. Glyceraldehyde has also been reduced electrolytically in good 
yield(247). 

Other 
copper-chromium oxide 
Yields are nearly 

Other, poorly documented, reports of the synthesis of glyceraldehydes 
and/or glycerol from formaldehyde have appeared. Hanford and S~hreiber(~~*) claim 
the production of lower polyols by base catalyzed condensation of formaldehyde 
followed by catalytic hydrogenation. In addition to lead hydroxide, an "enediol" 
(nearly all common ones are claimed) is added to suppress the Cannizzaro reaction 
and speed up the condensation. Careful control of pH is required and the process i s  
interrupted before all the formaldehyde has reacted to favor formation of lower 
sugars. The yields were only fair. 
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Binko and Kolar claimed the  product ion  of g lycera ldehyde  and dihydroxy- 
ace tone  by t h e  a c t i o n  of magnesium oxide o r  l ead  hydroxide on aqueous formaldehyde 
(249) .  m e  

Mgo CH2CHCHO + CH2CCH2 
130' ' 1 I I 1 1  1 

16% HCHO 

OH OH OH OOH 

p a t e n t  claims t h a t  h ighe r  tempera tures  and p r e s s u r e s  i n c r e a s e  t h e  r a t e  of r e a c t i o n  
and r e p r e s e n t  a s i  n i f i c a n t  advance over  prev ious  work. 
r epor t s (241 ,  248, t h a t  mos t ly  h i g h e r  s u g a r s , a r e  obta ined  under s i m i l a r  c o n d i t i o n s  
i t  i s  doubt fu l  t h a t  h igh  s e l e c t i v i t i e s  t o  g lycera ldehyde  o r  dihydroxyacetone could  
be r e a l i z e d .  

However, i n  l i g h t  of o t h e r  . 

An e a r l y  r e p o r t ( 2 5 0 ) ,  l a r g e l y  ignored by l a t e r  i n v e s t i g a t o r s ,  d e s c r i b e s  
t h e  i s o l a t i o n  of osazones of lower suga r s  from sodium s u l f i t e  c a t a l y z e d  condensa t ion  
of "trioxymethylene" (probably paraformaldehyde).  No y i e l d s  a r e  given and appa ren t ly  
o t h e r  products  were ob ta ined  a s  w e l l .  

F i n a l l y ,  no te  m u s t  be taken of t h e  p o s s i b i l i t y  of t he  photochemical 
po lymer iza t ion  formaldehyde(251, 252, 254). 
been observed when aqueous formaldehyde(252, 254) o r  C02(253) a r e  exposed t o  s u n l i g h t  
(253) o r  u l t r a v i o l e t  r a d i a t i o n  of 200-290 mu(248, 250).  
t he  products a r e  poor ly  c h a r a c t e r i z e d .  
lower sugars  were produced. I n  an i n t e r e s t i n g  ~ a t e n t ( ~ 6 5 ) ,  i t  i s  claimed t h a t  sun- 
l i g h t  c a t a l y z e s  formaldehyde condensa t ion  i n  the  presence of l ime. 
t o  the con t r a ry  i s  p resen ted ,  i t  appea r s  t h e  t r u e  c a t a l y s t  i n  t h i s  ca se  i s  Ca(OH)2. 

The format ion  of reducing  suga r s  has  

L i t t l e  d a t a  a r e  given and 
However, t h e r e  i.s no i n d i c a t i o n  t h a t  any 

Since no evidence 

In summary, t he  t r i m e r i z a t i o n  of formaldehyde followed by hydrogenation i s  
a promising r o u t e  t o  g l y c e r o l .  The major drawbacks a r e  the  need f o r  s p e c i a l  c a t a l y s t s  
and c a r e f u l  c o n t r o l  of r e a c t i o n  c o n d i t i o n s  and the complex n e u t r a l i z a t i o n  and recovery  
procedures ,  a l l  designed t o  f avor  lower suga r s .  For these  and o t h e r  r e a s o n s  o u t l i n e d  
below, the hydrogenolys is  of ca rbohydra t e s  was cons idered  s l i g h t l y  p r e f e r a b l y  and was 
s e l e c t e d  f o r  the eng inee r ing  case  s tudy.  

Hydrogenolysis of Carbohydrates 

Crude mix tu res  of ca rbohydra t e s ,  such  as those ob ta ined  by t h e  base  
c a t a l y z e d  polymer iza t ion  of formaldehyde may be r e d u c t i v e l y  c l eaved  t o  lower p o l y o l s  
by h igh  pressure  hydrogenat ion( l97 ,  255, 263).  
a r o c e s s  was developed i n  Germany t o  give a g l y c e r o l  s u b s t i t u t e  c a l l e d  "Glycerogen" 
( l g 7 3  264) .  
a t  80-200°C. 
40% propylene g lyco l  and 20% of o t h e r  po lyhydr ic  compounds i n c l u d i n g  s o r b i t o l ,  
manni to l  and e thy lene  g lyco l (264) .  
t ime, t h e  process  has been s t u d i e d  i n  somewhat more d e t a i l ( 2 5 5 - 2 6 3 ) .  

Before and du r ing  World War I1 such 

I n v e r t e d  b e e t  sugar  w a s  hydrogenated over a nickel-on-pumice c a t a l y s t  
A high  y i e l d  (92%) was r e a l i z e d  of a product  c o n s i s t i n g  of 40% g l y c e r o l ,  

I t  was used f o r  non-food purposes .  S ince  t h a t  

The r e a c t i o n  normally proceeds  i n  two s t a g e s .  I n  t h e  f i r s t ,  suga r s  a r e  
This  i s  followed by c l eavage  of t h e  carbon cha in  reduced t o  polyhydric a l c o h o l s .  

if the cond i t ions  a r e  v igo rous  enough. 
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CH20H CH20H 
I I 

( 2 )  (CHOH)4 Heat H2 i 2 CHOH 

C H ~ O H  Pressure  CH20H 

A major problem, i f  g l y c e r o l  i s  t h e  des i r ed  prpduct ,  i s  the tendency f o r  
t he  r e a c t i o n  t o  cont inue  t o  produce propylene glycol  and e thy lene  g lyco l .  

CH20H CH20H + CH20H 
I 1 I 

( 3 )  CHOH H2 CHOH CH20H 
1 

CH20H CH3 

Ea r ly  s t u d i e s  of t h e  hydrogenation of suga r s  were c a r r i e d  o u t  under m i l d  
c o n d i t i o n s  and r e s u l t e d  i n  n e a r l y  q u a n t i t a t i v e  y i e l d s  of t h e  cor responding  po lyo l ,  
r e a c t i o n  (1) (see r e f e r e n c e  255 f o r  a s h o r t  review of work p r i o r  t o  1943). Only a t  
t empera tures  above 200°C i s  c l eava  e observed. The r e a c t i o n  w a s  i n v e s t i g a t e d  i n  
d e t a i l  by Na t t a  and h i s  a s s o c i a t e s f 2 5 5 ) .  They found t h a t  r e a c t i o n  ( 1 )  occur s  much 
more r a p i d l y  than  subsequent r e a c t i o n s .  However, a t  t empera tures  above 2OO0C and 
hydrogen p r e s s u r e s  of 100-200 atmospheres, cleavage i s  r e a d i l y  achieved .  The b e s t  
c a t a l y s t s  f o r  the format ion  of mix tu res  of propylene g lyco l  and g l y c e r o l  and f o r  
suppress ion  of e thy lene  g l y c o l  formation were copper compounds, e s p e c i a l l y  copper 
chromi te .  I n  most r u n s  wi th  t h i s  c a t a l y s t s ,  no e thy lene  p lyco l  was observed. For 
g l y c e r o l  a lone ,  the b e s t  c a t a l y s t  appeared t o  be nickel-chromium. However, t h e  
n i c k e l  c a t a l y s t s  were somewhat more a c t i v e  and produced some e thy lene  g l y c o l .  Nat ta  
claimed y i e l d s  of 80% of propylene g lyco l -g lyce ro l  and of 50% of g l y c e r o l  a lone .  
Some of h i s  r e s u l t s  a r e  summarized i n  Table 11. 

7, Yield 

C a t a l y s t  

Cu-Chromite 
Cu- Chromi t e  
Cu- Chromi t e 
Ni-Cu (5-1) 
N i - C u  (4-1) 
N i - C u  (4-1) 
Ni -Cu  (3-2) 
N i - C r  
Cu-Ni (3-2)4  
C u - N i  (3 -2)4  
Cu-Ni (3-2)4 
N i  
N i  

Pre s su r  e 
Solvent  (At. ) -- 
Alcohol 
Alcohol 
Alcohol 
Water 
Water 
Wa ter-MeOH 
Water 
Water 
Water 
Water 
Water 
Water 
Water 

210 
175 
200 
150 
155 
150 
160 
100 
160 
100 
160 
100 
160 

Temp. "C 

250 
25 0 
250 
220 
220 
220 
230 
200 

160-250 
230 
230 
240 
220 

S t .  
Time Mat.l -- 

5 H r .  36 
5 H r .  21.5 

10 H r .  10 
5 H r .  54.4 
5 H r .  29.0 
5 H r .  18.8 
5 H r .  26.5 
3 H r .  3.0 

3i-2 H r .  38.2 
3 H r .  78.3 
3 H r .  41.5 
3 H r .  22.0 
5 H r .  29.5 

Glycerol 

21 -- 
8.5 
5.9 

19.4 
0 

16.9 
47.5 
38.2 

19.4 
5.5 

11.8 

-- 

Glycol 

29. 52 
5 02 
622 
18. 83 
19. 53 
44.53 
26.93 
10.53 

3.03 

Trace 
48.0 
31.0 

12.13 

1. Could be  r e c y c l e d .  2. Exclus ive jy  propyierie g l y c o l .  3 .  B ~ p r o x i m ~ ~ t e l y  50-50 
propylene  and e t h y l e n e  g l y c o l s .  4. Supported on k i e s e l g u h r .  

Table 17 - Hydrogenolysis of Carbohydrates With Various 

49 



The importance of u s ing  the proper c a t a l y s t  i s  appa ren t ,  n o t  on ly  from 

Copper, which 
N a t t a ' s  work b u t  a l s o  from a r e p o r t  by Schmidt t h a t  no g l y c e r o l  r e s u l t e d  from hydro- 
gena t ion  of reduced suga r s  over  cobal t -z inc-bar ium c a t a l y s t ( 2 5 7 ) .  
Na t t a  found most u s e f u l  f o r  g l y c e r o l  s y n t h e s i s ,  was r i g o r o u s l y  excluded by Schmidt. 
Schmidt 's  work confirms N a t t a ' s  o b s e r v a t i o n s  t h a t  3-carbon f ragmenta t ion  i s  favored.  
However, he v i s u a l i z e s  
dehydrogenation t o  t h e  
form ( A )  and t o  a much 
c rack ing(258) ,  Schmidt 
t h e  double bond. 

the r e a c t i o n  mechanism d i f f e r e n t l y .  He p o s t u l a t e s  a p r i o r  
a l d o  o r  k e t o  form of the sugar followed by e n o l i z a t i o n  t o  
l e s s e r  e x t e n t  (B). By analogy w i t h  h i s  work on hydrocarbon 
c l a ims  the  weakest bond i s  a l l y l i c  ( i . e . ,  t h e  3 , 4  bond) t o  

0 

-H2 
1 1 -' CH(CHOH)4CH2 

OH OH 

. 
CHO(CHOH)4CH2 

I 

OH 

CH2C (CHOH) 3CH2 - 
I ' I  1 -  

OH 0 OH 

CHC=C (CHOH) CH 

OHOHOH OH 
2 '  ' I 1  

B 

CH=C (CHOH) CH 

OH OH OH 

A 

I '  3 ,  2 

S p l i t t i n g  of the 3,4 bond would g ive  r i s e  t o  two 3-carbon fragments from (A )  and 
e x p l a i n s  the proponderance of such compounds i n  h i s  r e a c t i o n  mix tu res .  

1 2 3 4 5 6  
c= c- c- c- c- c 

T 
Weidenhagen and W e  n e r  i s o l a t e d  a c e t o l  from the  hydrogenation of suc rose  over  n i c k e l  
c a t a l y s i s  a t  13Ooct259). 
methylglyoxal followed by hydrogenat ion  t o  a c e t o l  and, f i n a l l y ,  t o  l Y 2 - p r o p y l e n e  
g lyco l .  
observed a r a p i d  hydrogenation of t he  sugar  t o  i t s  reduced f o r m ( 2 5 5 ~  257, 261, 263). 
This d i f f e r e n c e  may be due t o  some s p e c i a l  f e a t u r e  of Weidenhagen and Wegners' 
c a t a l y s t  which was n o t  descr ibed  thoroughly .  

They p o s t u l a t e d  a s p l i t t i n g  of t h e  sugar t o  two moles o f  

Natta and o t h e r s ,  however, found no s p l i t t i n g  under these c o n d i t i o n s  b u t  

A number of p a t e n t s  concern ing  t h e  hydrogeno lys i s  of ca rbohydra t e s  
have appeared. Many of these were summarized by Na t t a (255) .  However, s e v e r a l  more 
r e c e n t  ones p r e s e n t  some p e r t i n e n t  d e t a i l s  wor th  d i s c u s s i n g .  Fuchs and Wolfram 
c l a im t h a t  t h e  y i e l d  of g l y c e r o l  may be i n c r e a s e d  r e l a t i v e  t o  g l y c o l s  and "hex i t e s "  
by suppress ing  t h e  primary r e d u c t i o n  and caus ing  the c leavage  t o  occur  on the  sugar  
i t s e l f  (256). 
gena t ion  c a t a l y s t  so t h a t  i t  does n o t  hydrogenate  t h e  sugar  b u t  i s  a c t i v e  enough t o  
reduce the c leavage  products ,  g lycera ldehyde  and d ihydroxyace tone .  A n i c k e l  c a t a l y s t  
on sodium carbonate  was recommended. This  could  be f u r t h e r  improved by a d d i t i o n  o f  
Na2S03 o r  Na2S. 

This i s  accomplished by s i n t e r i n g  o r  o the rwise  poisoning  the hydro- 
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Conradin, Ber tossa  and Giesen found t h a t ,  t o  a c e r t a i n  e x t e n t ,  any of 
t h r e e  o r  fou r  products  could be favored by proper choice  of r e a c t i o n  cond i t ions (261) .  
A summary i s  given below. 

Conditions Favoring 
C a t a l y s t  Composition 

Product Max. Yie ld  Temp. Press .  - N i  - c u  CO 
6 

1,3-Propylene 7 0% 190-320°C 1-200 A t m .  10-14% 10-14% 1-5% 
Glycol (Op t iona l )  

Glgcol 

8 
1 , 2-Propylene 3 0% 180-210°C 10-50 A t m .  20-25% 2-5% - - -  

Glycerol + 66% 200-220°C 100-200 A t m .  - - -  1-24% 1-24% 
Ethylene Glycol 

The c a t a l y s t s  were used i n  t h e  form of hydroxides  o r  o x a l a t e s  w i t h  o r  
wi thout  a c a r r i e r  such a s  magnesium oxide and were pre-reduced p r i o r  t o  hydrogenation 
of the carbohydra tes .  Under t h e  most favorable  c o n d i t i o n s ,  however, t h e  y i e l d s  of 
g l y c e r o l  were on ly  f a i r .  I n  gene ra l ,  t h e  high convers ion  runs  a f fo rded  l a r g e  amounts 
of e thy lene  g l y c o l .  

A B r i t i s h  p a t e n t ,  ass igned  t o  Inventa A . G . ,  c l a ims  good s e l e c t i v i t y  t o  
g l y c e r o l  (up t o  57%) i n  t h e  hydrogenolys is  of sugar a l c o h o l s  ( e .g . ,  s o r b i t o 1 ) ( 2 6 2 ) .  
Inc reased  hydrogen p res su re  was claimed t o  favor g l y c e r o l  by suppress ing  l o s s e s  due 
t o  s i d e  r e a c t i o n s  and r e s i n i f i c a t i o n .  
r e a c t i o n  mixture w a s  kep t  b a s i c  (pH 8 . 4 )  by a d d i t i o n  of CaO.  

Giesen and M(;ller hydrogenated crude wood suga r s  and obta ined  g l y c e r o l  i n  
f a i r  y i e l d s  (30-50% w i t h  r ecyc le ) (261) .  This  p a t e n t  i s  noteworthy mainly because 
c rude  suga r s  a r e  employed and an ion  exchange method of p u r i f i c a t i o n  of t h e  product  
i s  desc r ibed .  

The c a t a l y s t  w a s  n i c k e l  on k i e s e l g u h r .  The 

F i n a l l y ,  a process  has  been pa ten ted  f o r  t h e  cont inuous  product ion  of 
po lyhydr ic  a l c o h o l s  from formaldehyde via a carbohydrate in t e rmed ia t e (263) .  

HCHO --+ Pb S a l t  CgH1206 -+> 2yII2yHyH2 
(mix. of 

s u g a r s )  OH OHOH 

The f i r s t  s t e p  i s  s imi la r  t o  t h e  formaldehyde condensa t ions  desc r ibed  above. An 
"enedio l"  i n i t i a t o r ,  g lucose  o r  a c rude  carbohydrate s o l u t i o n ,  w a s  employed i n  the 
examples. The y i e l d  of t h e  f i r s t  s t e p  was claimed t o  be 86%. The crude mixture  
w a s  hydrogenated over  a Raney n i c k e l  c a t a l y s t  t o  form v a r i o u s  polyhydr ic  a l c o h o l s .  
The o v e r a l l  y i e l d  of g l y c e r o l ,  based on formaldehyde consumed, was 47%. 

A d d i t i o n a l  d e t a i l s  f o r  t h i s  process  are given below. It w a s  chosen as 
p a r t  of t h e  b a s i s  f o r  t he  eng inee r ing  des ign  s ince  i t  provided the b e s t  d e t a i l s  f o r  
a con t inuous  p rocess  f o r  g l y c e r o l  formation s t a r t i n g  wi th  formaldehyde. I n  a d d i t i o n ,  
t h e  examples g iven  appear t o  be r e a l  and a r e  i n  agreement wi th  t h e  r e s u l t s  of o t h e r  
i n v e s t i g a t o r s  . 

I n  summary, t he  hydrogenolys is  o f  carbohydra tes  i s  a promising method f o r  
t h e  s y n t h e s i s  o f  g l y c e r o l .  This r o u t e  has c e r t a i n  advantages t o  t r i m e r i z a t i o n  of 
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formaldehyde: (1)  comparable o r  b e t t e r  y i e l d s  of g l y c e r o l  r e l a t i v e l y  f r e e  from t h e  
ob jec t ionab le  e thy lene  g lyco l  may be obta ined  wi th  much s impler  procedures ;  ( 2 )  the 
engineer ing  i s  cons ide rab ly  l e s s  compl ica ted ;  f i n a l l y  ( 3 )  s i n c e  t h e r e  i s  i n t e r e s t  
i n  carbohydra tes  as e d i b l e  m a t e r i a l s  i n  t h e i r  own r i g h t ( 5 ,  7, 251), t h i s  type of 
process  could be i n t e g r a t e d  wi th  an e d i b l e  sugar s y n t h e s i s .  Much of t h e  product of 
a non-selec t i v e  carbohydra te  condensa t ion  i s  n o t  ed ib l e (251) .  This m a t e r i a l ,  a f t e r  
s epa ra t ion  of t h e  v a l u a b l e  p roduc t s ,  could be hydrogenolyzed t o  g l y c e r o l .  
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ENGINEERING DESIGN AND EVALUATION 

The product ion  of s y n t h e t i c  f a t  a long  t h e  l i n e s  desc r ibed  above invo lves  
a complex s e r i e s  of u n i t  p rocesses  and u n i t  ope ra t ions .  The chemis t ry  of t he  f a t  
s y n t h e s i s  has  a l r e a d y  been desc r ibed .  B r i e f l y ,  t h e  process  invo lves  (1) the  produc- 
t i o n  of C2H4 from CO and H2, (2 )  po lymer iza t ion  of C2H4 t o  h ighe r$ -o le f ins ,  ( 3 )  
product ion  of g l y c e r o l ,  and (4) o x i d a t i o n  of the o l e f i n s  t o  the  f a t t y  a c i d s  which 

* a r e  then e s t e r i f i e d  wi th  the  g l y c e r o l  ( 5 ) .  

) CgH1206 , A b  2 HOCH(CH20H)z base  ( 3 )  6 HCHO 

(4 )  RCH=CH2 ' 3  > RC02H + HC02H 
H 2 0  

0 

( 5 )  3 RC02H + HOCH(CH20H)2- RiOCH(CH20COR)2 

It should be poin ted  ou t  t h a t  although the  p rocess  s e l e c t e d  f o r  producing 
t h e  f a t t y  g l y c e r i d e s  i s  be l i eved  t o  be t h e  b e s t  of a l l  those a v a i l a b l e  today, i t  
n e v e r t h e l e s s  i s  a v e r y  complex one. There i s ,  i n  f a c t ,  no commercial i n t e g r a t e d  
process  o r  p l a n t  today of which we a r e  aware tha t  i s  as complex a s  t h a t  proposed 
f o r  t h i s  s y n t h e s i s .  I n  a d d i t i o n ,  much l e s s  complicated p l a n t s  r e q u i r e  maintenance 
and s u p e r v i s i o n .  Completely au tomat ic  push but ton  o p e r a t i o n  and c o n t r o l  i s  s t i l l  
an un rea l i zed  goal  f o r  t h e  g r e a t  m a j o r i t y  of chemical o p e r a t i o n s .  

A simple l ine-d iagram of the  f a t  s y n t h e s i s  i s  shown i n  F igure  19. The 
process  i s  d iv ided  i n t o  f o u r  s e c t i o n s :  

I Ethylene Syn thes i s  
I1 Z i e g l e r  Growth and Displacement Reac t ions  
I11 Syn thes i s  o f  Glycerol 
I V  Acid Syn thes i s  and E s t e r i f i c a t i o n  

These s e c t i o n s  correspond t o  t h e  m a j o r  d i v i s i o n s  shown i n  F igure  19 and 
i n  t h e  more d e t a i l e d  eng inee r ing  des ign  (Figure 20) .  

I The system w a s  designed t o  produce 5 l b s .  of f a t  con t inuous ly  over a 24 
hour pe r iod .  Th i s  w a s  deemed s u f f i c i e n t  f o r  10 men. The t o t a l  e l e c t r i c a l  power 
requfrement is given  i n  Tables  12-15. It does  n o t  appear t o  be excess ive .  The 

c o n s i d e r a b l y  g r e a t e r  mainly because of t h e  extremely low e f f i c i e n c i e s  of t h e  mini- 
a t u r i z e d  equipment needed. This  i s  e s t ima ted  a t  2465 w a t t s  (Table 12 ) .  Expressed 
ano the r  way i t  i s  12 KWH/lb. Thermal power requirements have n o t  been determined. 
These, however, would n o t  be g r e a t .  Each s t e p  of t he  r e a c t i o n  sequence i s  exothermic 
w i t h  t h e  e x c e p t i o n  o f  ozone format ion  and i t  i s  a n t i c i p a t e d  t h a t  t h e  process  would 
be h e a t  i n t e g r a t e d  t o  make economical use of excess h e a t .  S ince  none of t h e  r e a c t i o n  

h e a t  ba l ance  i s  n o t  p o s s i b l e .  Some h e a t  r e j e c t i o n  w i l l  be necessa ry .  I t  was assumed 
t h a t  t h i s  c o u l d  be accomplished by space r a d i a t i o n .  

, t o t a l  t h e o r e t i c a l  power i s  on ly  about 136 wa t t s .  The a c t u a l  requirement would be 

*e----- - ~ s i i i y s ~ a ~ u r s s  excess ive ,  t h i s  ~ h ~ t i i : d  n o t  be z i i i ~ j ~ r  pr~ l , l~ t i i .  O b v i ~ ~ s l j .  c c ~ p l e t e  

A t  any r a t e ,  t he  amount of excess  
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Pump 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

For 5 lbs . /day - Suff ic ien t  fo r  10 Men 

Total  Watts 
Theore t i c a  1 Estimated Actual 

Pumps (21) 1 3 80 

Compressors (7) 104 1786 

128 

30 171 

Tota ls  135 2465 

Controls  (77) --- 
Ozonizer - 

OR: 1 2  KWH/lb. 

Table 1 2  - E l e c t r i c a l  Power Requirements for  Fa t  
Production y& Ziegler Growth Method 

Appears i n  
Div. --- of Fig.  43 

I 

I1 

I1 

I1 

IV 

IV 

IV 

I11 

I11 

I11 

I11 

I11 

IV 

IV 

IV 

IV 

I11 

I11 

I1 

I11 

I 

Tota ls  

AP (Atm.) 

100 

10 

1 

100 

1 

1 

1 

1 

1.5 

100 

1 

2 

0.2 

0.2 

1 

1 

1 

1 

1 

1 

2 

Flow 
(Gm. /Min .) 

0.0007 

0.0004 

0.0005 

0.0002 

0.0005 

0.0001 

0.00009 

0.0001 

0.0001 

0.0002 

0.00006 

0.0001 

0.0007 

0.0067 

0.00008 

0.0005 

0.00003 

0.00007 

0.0002 

0.0002 

0.0004 

Theor. 
Watts 

0.444 

0.0292 

0.0032 

0.157 

0.0029 

0.0007 

0.0006 

0.0009 

0.0095 

0.156 

0.0004 

0.0018 

0.0009 

0.0087 

0.0005 

0.0032 

0.0002 

0.0005 

0.0011 

0.0016 

0.0046 

.8284 

E s t .  Actual 
Watts 

45 

20 

15 

40 

15 

15 

15 

15 

15 

40 

15 

15 

5 

5 

15 

15 

15 

15 

15 

15 

15 

380 
- 

Table 13 - Pump Data 
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h e a t  would n o t  be l a r g e .  

Although t h e  power needed appears  reasonable  and even weight and volume 
requirements would probably n o t  be i n o r d i n a t e  ( a t  l e a s t  compared t o  b i o l o g i c a l  
systems), t h i s  p rocess  s u f f e r s  from o t h e r  d i sadvantages .  The major o f  t hese  i s  
complexity and a long  wi th  i t  the  i n e v i t a b l e  reduced r e l i a b i l i t y  of an ex t remely  
i n t r i c a t e  s y s t e m .  This  i s  exempl i f ied  by the  d a t a  i n  Table 15. A t  l e a s t  77 c o n t r o l  
loops  a re  r e q u i r e d .  S ince  t h i s  i s  n e g l e c t i n g  redundancy, i t  i s  a n t i c i p a t e d  t h a t  
cons iderably  more a c t u a l l y  w i l l  be needed. The m a t e r i a l  ba l ances  f o r  t h e  e n t i r e  
system a r e  given i n  Table 1 7 .  

. 

. 
An a n a l y s i s  of t he  carbon numbers of t h e  a c i d s  t o  be expected i s  g iven  i n  

Table 16. 

Estimated Actual 
Std.  Cu. Theor. Mech. E lec t .  AP Appears i n  

Compressor Div. --- O f  Fig. 43 (Atm.) Ft./Day Watts E f f .  E f f .  Watts ---- 
1 I 

2 I1 

3 I1 

4 I 

5 I V  

6 I11 

20 

5 

70 

1 

0.3 

100 

7 l  I V  

To ta l s  

678 91 30 

117 3.2 10 

30 1.6 10 
-- 

500 5.2 l o  
11.4 2.5 10 

-- 
103.5 

50 606 

15 2 14 

15 107 

-- (300) 

15 34 7 

15 167 
2 -- (45) 

1786 

(1) Handles 0.42 l b s .  H20/day. 

(2) No data  f o r  es t imat ion;  rough guess only. 

Table 14 - Compressor Data 

Type 

Level 

Flow 

Pr e s s ur e 

Temperature 

T imer  

Estimated Power Req. (Watts) 
Tota 1 - Each - NO * - 

2 2 48 

10 2 20 

16 

24 2 48 

1 2  

- -- 

- 3 4 - 
77 128 Watts 

Table 15 - Control Breakdown 
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Olefin 

c4 

‘6 

‘8 

c10 

c12 

‘14 

‘16 

‘18 

c20 

c22 

‘24 

‘26 
c28 and higher  

Corresponding 
A c i d *  

c3 

c 5  

c7 
C9 

c11 

‘13 

’15 

‘17 

c19 

c21 

‘23 

‘25 
C27 and higher  

W t .  % 

0.4 

1.9 

5.2 

9.6 

13.9 

16.1 

15.7 

13.4 

10.6 

6.4 

3.7 

2 . 1  

1 .0  
100.0 

* Obtained by ozonolysis  w i t h  loss  of one carbon. 

Table 16 - D i s t r i b u t i o n  of Olef ins  and the Corresponding Acids from 
the  Ziegler  Growth Reaction (C2H4/(C2H5)3 A 1  = 6)  
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NUTRITIONAL EVALUATION OF SYNTHETIC FATS 

The importance of the f a t s  t o  n u t r i t i o n  has  always been cons idered  t o  be 
p r i n c i p a l l y  as an energy source.  U n t i l  r e c e n t l y ,  the type of f a t ,  o r ,  more s p e c i f -  
i c a l l y ,  the na tu re  o f  t he  f a t t y  a c i d  w i t h  the except ion  of the s o - c a l l e d  e s s e n t i a l  
f a t t y  ac ids ,  and polyhydric a l coho l  moiety was n o t  cons idered  of importance.  
Curren t  opinion,  however has  begun t o  emphasize o t h e r  f a c t o r s  i n  t h e  u t i l i z a t i o n  of 
f a t s  above and beyond those a s s o c i a t e d  wi th  energy. For example, t he  n a t u r e  of the 
d i e t a r y  f a t  has been shown t o  i n f l u e n c e  c h o l e s t e r o l  t r a n s p o r t  and thus  presumably 
p lay  a ro l e  i n  t h e  development of a r t h e r o s c l e r o s i s .  Chain l eng th  has  been shown 
t o  determine r a t e s  of ox ida t ion  and thus u s e f u l n e s s  of t he  f a t t y  a c i d .  A t  the  
s u b c e l l u l a r  l e v e l ,  t he  n a t u r e  of t h e  f a t t y  a c i d  has  been shown t o  p l ay  an impor tan t  1 

r o l e  i n  the maintenance o f  t he  molecular mechanisms a s s o c i a t e d  wi th  energy meta- 
bolism, i . e .  ATP and e l e c t r o n  t r a n s f e r .  Thus i t  i s  apparent  t h a t  t h e  f a t s  p lay  a 
unique r o l e  i n  metabolism and n u t r i t i o n  and t h a t  t h i s  i s  n o t  on ly  r e l a t e d  t o  t h e  
energy  func t ion  and the  f a t  so lub le  v i t amin  t r a n s p o r t  func t ion  of t hese  n u t r i -  
t i o n a l  f a c t o r s  bu t  t o  many o t h e r  more fundamental s u b c e l l u l a r  f u n c t i o n s .  

b 

To understand the  p o s s i b l e  r o l e  of s y n t h e t i c  l i p o i d  m a t e r i a l  and t h e i r  
p o s s i b l e  s i g n i f i c a n c e  i n  human n u t r i t i o n ,  i t  i s  f i r s t  necessa ry  t o  deve lop  some 
concepts  of t he  b a s i c  r o l e  of the f a t s  i n  n u t r i t i o n  and the  ways i n  which they a r e  
metabolized. Moreover, t h e  i n t e r r e l a t i o n s h i p  of the f a t s  w i t h  each  o t h e r  and wi th  
o t h e r  d i e t a r y  c o n s t i t u e n t s  m u s t  a l s o  be recognized .  F i n a l l y  t h e  p o t e n t i a l  t o x i c i t y  
of t h e  s y n t h e t i c  l i p i d  mixtures  m u s t  be e v a l u a t e d .  The fo l lowing  review i s  n o t  
meant t o  be exhaus t ive  b u t  r a t h e r  i t  a t t e m p t s  t o  d e f i n e  t h e  problems a s s o c i a t e d  
wi th  the  use of s y n t h e t i c  f a t  mix tu res .  

The N u t r i t i o n a l  Importance of the F a t s  

I n  a c l a s s i c  paper (266) ,  B u r r  and B u r r  demonstrated f o r  the f i r s t  time 
t h a t  the f a t s  had a s p e c i f i c  n u t r i t i o n a l  f u n c t i o n  above t h a t  of an energy source .  
More r ecen t ly (267)  Deuel and h i s  co l l eagues  have reemphasized and expanded t h i s  
p o s i t i v e  s i g n i f i c a n c e  of the f a t s .  For example, n o t  on ly  i s  the  t i m e  of sexual  
m a t u r i t y  delayed(268) i n  r a t s  fed a low-fa t  d i e t ,  b u t  t h e r e  i s  a l s o  a decreased  
f e r t i l i t y  and increased  neona ta l  m o r t a l i t y ( 2 6 9 ) .  
t o  c 0 l d ( ~ 7 1 )  a r e  a l s o  inf luenced  by the  l e v e l  and type of d i e t a r y  f a t .  
examples can be given b u t  i t  i s  appa ren t  from these  few t h a t  t he  f a t s  have many 
d i f f e r e n t  phys io log ica l  r o l e s  o t h e r  than those a s s o c i a t e d  w i t h  energy .  

Work capac i ty (270)  and r e s i s t a n c e  
Many o t h e r  

The i n t e r r e l a t i o n s h i p  of t h e  f a t s  t o  o t h e r  n u t r i e n t s  has  a l s o  been w e l l  
I n  an ex tens ive  review, Munro(272) concluded t h a t  t he  f a t s  had a de f ined .  

s p e c i f i c  spa r ing  a c t i o n  on n i t r o g e n  r e t e n t i o n  and t h a t  t h i s  a c t i o n ,  whi le  i n  l a r g e  
measure could be a s soc ia t ed  wi th  t h e  energy  d e n s i t y  of t he  f a t s ,  had components 
s p e c i f i c  f o r  the f a t s .  The thiamine s p a r i n g  a c t i o n  of t h e  f a t  i s  w e l l  known and 
d a t e s  f rom t h e  e a r l y  c l a s s i c  experiment of Evans and Lepkovsky(273). Th i s  work has  
never  been cha l lenged  and r e p r e s e n t s  an impor tan t  f a c t o r  i n  c o n s i d e r i n g  f a t  l e v e l s  
i n  d i e t s .  A number of r e p o r t s  have appeared i n  the  l i t e r a t u r e  which i n d i c a t e s  t h a t  
t he  l e v e l  and type o f  f a t  i n  the d i e t  can markedly i n f l u e n c e  t h e  u t i l i z a t i o n  o f  
ca lc ium and v i c e  versa(274,  275). 
found fo r  o t h e r  d i e t a r y  c o n s t i t u e n t s .  

S i m i l a r  r e l a t i o n s h i p s  ( b u t  less  c l e a r )  can  be 

The s p e c i f i c  a c t i o n  and i n t e r r e l a t i o n s h i p s  among t h e  f a t t y  a c i d s  have a l s o  
been demonstrated t o  be of importance.  A t  the  s u b c e l l u l a r  l e v e l ,  a number o f  papers  
have emphasized the va ry ing  a b i l i t y  of t h e  f a t t y  a c i d s  t o  cause mi tochondr i a l  
swe l l ing  and t o  in f luence  ATP s y n t h e s i s .  For example, medium cha in  l e n g t h  f a t t y  
a c i d s  (Cio-Ci4) decrease  the  l a g  phase i n  t h i s  phenomena(276) wh i l e  i n  ano the r  
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study(277) u n s a t u r a t e d ,  medium cha in  l e n g t h  f a t t y  a c i d s  were shown t o  produce t h e  
g r e a t e s t  s w e l l i n g  of mitochondria.  This is important when one c o n s i d e r s  t h e  f a c t  
t h a t  the phenomena of swe l l ing  i s  a necessary  p recu r so r  of e l e c t r o n  t r a n s p o r t .  
Confirmation of t h i s  has  been r epor t ed (278)  i n  a paper which demonstrated t h a t  long 
cha in  a c i d s  tended t o  i n h i b i t  t h e  s y n t h e s i s  of ATP whi le  medium cha in  a c i d s  tended 
t o  s t i m u l a t e  the s y n t h e s i s .  F u r t h e r  evidence f o r  t h e  importance of cha in  l e n g t h  
of f a t t y  a c i d  i s  obta ined  i n  a s e r i e s  of papers i nvo lv ing  whole animal s t u d i e s .  
A l f i n - S l a t e r  e t  a1(279) concluded t h a t  s eve ra l  metabol ic  pathways and p h y s i o l o g i c a l  
responses  a f f e c t e d  by e s s e n t i a l  f a t t y  ac id  de f i c i ency  can be modified by the  type 
of n o n - e s s e n t i a l  f a t t y  a c i d  p re sen t  i n  the d i e t  w i t h  the g r e a t e s t  de t r imen ta l  e f f e c t  
produced by s h o r t  cha in  a c i d s .  
who concluded t h a t  long cha in  f a t t y  a c i d s  increased  e s s e n t i a l  f a t t y  a c i d  r e q u i r e -  
ment while medium cha in  a c i d s  did n o t .  These a u t h o r s  a l s o  repor ted(281)  t h a t  the 
b e n e f i c i a l  e f f e c t  of t r i g l y c e r i d e s  on body weight can be c o r r e l a t e d  wi th  the me l t ing  
po in t  of t he  f a t  involved w i t h  the peak e f f e c t  by f a t t y  a c i d s  i n  the C1o-C15 range.  
S imi l a r  b e n e f i c i a l  r e s u l t s  of medium cha in  acid use has been noted  i n  humans by 
Uzawa e t  a l ( 2 8 2 ) .  Not much a d d i t i o n a l  d a t a  i s  a v a i l a b l e  i n  human s u b j e c t s .  Van de 
Kamer and Wei je rs (283)  r e p o r t e d  t h a t  sma l l e r  chain l eng th  a c i d s  and those wi th  
s i g n i f i c a n t  u n s a t u r a t i o n  were absorbed more r e a d i l y  than o t h e r  types of f a t t y  a c i d .  
In  c o n t r a s t ,  Dawson e t  a l (284)  c la im t h a t  g r e a t e r  abso rp t ion  was noted w i t h  long 
cha in  a c i d s  than wi th  s h o r t  cha in  and t h a t  “n‘l homologs were absorbed more r e a d i l y  
than “ i s o ”  homologs. To make m a t t e r s  more confusing Schwabe e t  a l ( 2 8 5 )  us ing  C14- 
l abe led  oc tonoa te  r e p o r t  no d i f f e r e n c e  i n  t he  r a t e  of u t i l i z a t i o n  between r a t s  and 
humans i n  c o n t r a s t  t o  the prev ious  r e p o r t .  Some of these d i f f e r e n c e s  may be 
expla ined  by the r e p o r t  of Spining e t  a l ( 2 8 6 )  who demonstrated t h a t  f eed ing  f r e e  
f a t t y  a c i d s  and methyl e s t e r s  of f a t t y  a c i d s  produced p a t h o l o g i c a l  t i s s u e  changes 
as w e l l  a s  decreased  adso rp t ion  p a t t e r n s  when compared t o  t r i g l y c e r i d e  f eed ing .  

* 

, S i m i l a r  r e s u l t s  were obta ined  by Kaunitz e t  a l ( 2 8 0 )  

I n  summary, t h e r e f o r e ,  i t  i s  apparent t h a t  t h e r e  i s  a s p e c i f i c  q u a n t i t a -  
t i v e  need f o r  l i p i d s  i n  t h e  d i e t .  Moreover, the type and q u a n t i t y  of f a t  i n  the 
d i e t  can i n f l u e n c e  t h e  requirement and u t i l i z a t i o n  of o t h e r  n u t r i e n t s .  I n  a d d i t i o n ,  
optimum u t i l i z a t i o n  of t he  f a t s  themselves r equ i r e  a s p e c i f i c  p a t t e r n  of f a t t y  a c i d s  
presented  i n  a s p e c i f i c  form and n o t  as f r e e  f a t t y  a c i d s  o r  methyl e s t e r s .  Thus, 
any c o n s i d e r a t i o n  of s y n t h e t i c  f a t s  must keep t h e s e  requi rements  i n  mind. 

The Metabolism of F a t t y  Acids 

The metabolism of f a t t y  a c i d s  h a s  been reviewed by D e ~ e l ( ~ ~ ~ ) .  
the even carbon f a t t y  a c i d s  are ox id ized  s e q u e n t i a l l y  i n t o  two carbon a c e t a t e  
f ragments .  These, i n  t u r n ,  a f t e r  be ing  combined wi th  o x a l o a c e t a t e  t o  form c i t r a t e  
a r e  ox id i zed  t o  carbon d iox ide ,  water  and energy. I f ,  f o r  some reason,  t he  f i n a l  
o x i d a t i v e  s t e p s  a r e  i n h i b i t e d ,  the two carbon fragments accumulate and recombine 
t o  form a c e t o a c e t a t e  which i n  t u r n  forms acetone o r  be ta -hydroxy-butyr ic  a c i d ,  t h e  
ketone b o d i e s .  
a f u n c t i o n  o f  c h a i n  l eng th (288) .  
r a t e s  of a b s o r p t i o n  a s  w e l l  a s  r a t e s  of ox ida t ion .  
occu r s  when t h e  f a t t y  a c i d  has  an odd number of carbons .  I n  t h i s  case the  te rmina l  
o x i d a t i o n  g i v e s  r i s e  t o  a t h r e e  carbon propionate fragment which, i n  t u r n  i s  meta- 
bo l i zed  t o  s u c c i n a t e .  I n  t h i s  way i t  e n t e r s  t he  Krebs cyc le  and can be used t o  
form glycogen. 
bod ie s .  The metabolism of propionate  has been reviewed i n  d e t a i l  by Kazi ro  and 
O ~ h o a ( ~ ~ ~ ) .  

a c i d  i n  r a t  l i v e r  s l i c e s .  Their r e s u l t s  showed t h a t  carbons 3 and 4 c o n t r i b u t  t o  
a c e t o a c e t a t e  product ion  whi le  the r e s idue  i s  conver ted  t o  propionate .  Furthermore,  
they demonst ra ted  t h a t  t he  be t a -ox ida t ion  of t h e  molecules proceeds down t h e  main 

I n  g e n e r a l ,  

The r a t e s  of o x i d a t i o n  of each f a t t y  a c i d  has  been r epor t ed  t o  be 
Th i s ,  however, may a l s o  be due t o  d i f f e r e n t i a l  

A somewhat d i f f e r e n t  p a t t e r n  

The t h r e e  carbon fragment i s  n o t  ke togen ic  and w i l l  n o t  form ketone 

The metabolism of branched cha in  f a t t y  a c i d s  i s  somewhat more d i f f i c u l t  
JLUYLCU C L L L  L 1 , L  L U Y V l l Y L L L  cf a ? p h  - e t h y l  !?l?t-‘v.ir 

e,. : - +---- L L V  I , , L C L ~ L C C .  cocfi e t  .:(290, 291) - + . . A : - A  t h n  - ~ . t o l - . n l : ~ ~  
J - - -  
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c h a i n  wi thout  ox ida t ion  of t h e  a lpha  methyl group. 
performed s i m i l a r  s t u d i e s  wi th  a lpha  methyl s u b s t i t u t e d  s t e a r i c  a c i d s .  The i r  
r e s u l t s  i nd ica t ed  t h a t  t he  branching  d i d  n o t  a f f e c t  adso rp t ion  and d i s t r i b u t i o n  of 
t h e  f a t t y  a c i d s .  
on t h e  alpha carbon, be t a -ox ida t ion  w a s  i n h i b i t e d  whi le  no e f f e c t  was noted w i t h  
monomethyl s u b s t i t u t i o n .  
t h e  branch i s  more than  one carbon i n  l eng th (295) ,  be t a  ox ida t ion  i s  i n h i b i t e d .  
The u r ina ry  products  of such s u b s t i t u t i o n  inc lude  d i ca rboxy l i c  a c i d s  and g lucouronides  
of the compounds adminis te red .  

Tryding and Westoo(290-293) 

I n  c o n t r a s t ,  when t h e  branching  cons i s t ed  of dimethyl s u b s t i t u t i o n  

When s u b s t i t u t i o n  on the  b e t a  carbon o c ~ u r s ( ~ 9 ~ )  o r  when 

' 

It  would appear t h e r e f o r e  t h a t  the presence of an odd number of carbons  
o r  mono-methyl s u b s t i t u t i o n  i n  the  a lpha  methyl p o s i t i o n  does n o t  s i g n i f i c a n t l y  
i n h i b i t  be ta -oxida t ion .  Moreover, such compounds give r i s e  t o  propionate  r a t h e r  
than a c e t a t e  and thus a r e  glycogenic r a t h e r  than ke togenic ,  a c h a r a c t e r i s t i c  of 
g r e a t  value.  

I 

The U t i l i z a t i o n  o f  S y n t h e t i c  F a t s  

During t h e  p a s t  twenty y e a r s  a g r e a t  dea l  of work has  been done i n  
a t tempt ing  t o  produce u t i l i z a b l e  f a t s  from pe t ro leum by-products .  Most of t h i s  
work i s  German i n  o r i g i n  and s u f f e r s ,  a t  least  i n  the n u t r i t i o n a l  and p h y s i o l o g i c a l  
s t u d i e s ,  from a l a c k  of proper c o n t r o l ,  poor a n a l y t i c a l  methods and s t a t i s t i c a l  
a n a l y s i s .  Thus, i t  i s  d i f f i c u l t  t o  i n t e r p r e t  t he  r e s u l t s  of t hese  s t u d i e s  and t o  
draw meaningful conc lus ions  from them. The follow<ng comments, however, r e p r e s e n t  
an a t tempt  t o  do so.  

Most, i f  n o t  a l l  'of the p e r t i n e n t  l i t e r a t u r e  has  been reviewed(296).  
The product produced by the F ischer -Tropsch  process  c o n s i s t s  of a t  l e a s t  50% odd 
carbon f a t t y  a c i d s  and a small  p ropor t ion  of is0 and branched c h a i n  a c i d s .  I n  
a d d i t i o n ,  t hese  products  a l s o  c o n t a i n  s i g n i f i c a n t  amounts of hydroxy, k e t o  and 
d i ca rboxy l i c  a c i d s  as  w e l l  a s  a l c o h o l s  and ke tones .  It i s  no wonder, t h e r e f o r e ,  
t h a t  these products  produce t o x i c  e f f e c t s  when fed and, a t  l e a s t ,  a r e d u c t i o n  i n  
c a l o r i c  dens i ty  of t h e  product .  
of c a t a l y s t s  and product ion  parameters ,  many of the d e l e t e r i o u s  p roduc t s  can  be 
removed. I n  s p i t e  of t h i s ,  however, c a r e f u l  work wi th  these  p roduc t s  has  i n d i c a t e d  
(297) t h a t  only up t o  10-20 g a day can  be t o l e r a t e d  by t h e  human. 
an imals  tends t o  confirm t h i s  f i n d i n g .  What i s  c l e a r  however i s  t h a t  t h e s e  products  
m u s t  be  b e t t e r  de f ined  and t h e i r  composi t ion  c o n t r o l l e d  be fo re  meaningful e v a l u a t i o n  
of t h e i r  p o t e n t i a l  can be made. It  i s  i n t e r e s t i n g  t o  n o t e  t h a t  a paper r e p o r t i n g  
the u s e  of mannitol  as a s u b s t i t u t e  f o r  g l y c e r o l  i n  t r i g l y c e r i d e s  w a s  publ i shed  i n  
1919(298). These au tho r s  r e p o r t  t h a t  such s y n t h e t i c  f a t s  were as  w e l l  u t i l i z e d  by 
the  r a t  a s  n a t u r a l  f a t s .  

It i s  claimed however t h a t  by j u d i c i o u s  s e l e c t i o n  

Other  work i n  

Summary of Requirements f o r  D ie t a ry  F a t  

The d a t a  a v a i l a b l e  thus  f a r  i s  c l e a r  on t h e  s p e c i f i c  d i e t a r y  requi rement  
f o r  f a t .  Not only  does t h e r e  appear t o  be a need f o r  f a t  i t s e l f  f o r  s p e c i f i c  
metabol ic  func t ion  b u t  the n a t u r e  and amount of f a t  i n  t h e  d i e t  can de te rmine  t h e  
need f o r  a number of o t h e r  n u t r i e n t s .  The n a t u r e  of t h e  f a t  used i s  a l s o  o f  S ign i -  
f i c a n c e .  The d a t a  appears  t o  i n d i c a t e  t h a t ,  i n  a d d i t i o n  t o  t h e  e s s e n t i a l  f a t t y  
a c i d s  ( l i n o l e i c ,  l i n o l e n i c  and a rachadon ic )  , t h e  medium c h a i n  f a t t y  a c i d s ,  C10-c14 
a r e  b e s t  u t i l i z e d .  Moreover, t h e  e x t e n t  of u n s a t u r a t i o n  a l s o  appea r s  t o  p l ay  a 
r o l e .  I n  a d d i t i o n  evidence i s  a v a i l a b l e  which i n d i c a t e s  t h a t  f ree  f a t t y  a c i d s  and 
methyl e s t e r s  of t hese  a c i d s  a r e  n o t  w e l l  u t i l i z e d .  The ev idence  i s  a l s o  c l e a r  
t h a t  odd carbon f a t t y  a c i d s  a r e  a l s o  u t i l i z e d .  Moreover, t h e r e  may be  some advantage 
i n  the  u s e  of t hese  compounds i n  t h a t  t hey  tend t o  be g lycogenic  r a t h e r  than  ke to -  
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gen ic .  When branching  i s  cons idered ,  on ly  branches of one carbon on the a l p h a  
p o s i t i o n  of t h e  f a t t y  a c i d  appa ren t ly  can  b e  t o l e r a t e d .  Branches of g r e a t e r  s i z e  
o r  i n  the  b e t a  p o s i t i o n  tend t o  i n h i b i t  ox ida t ion .  The d a t a  a v a i l a b l e  thus  f a r  on 
s y n t h e t i c  f a t s  i s  n o t  good. Contamination w i t h  branched c h a i n ,  k e t o ,  hydroxy and 
d i ca rboxy l i c  a c i d s  tends t o  lower t h e  u t i l i z a t i o n  of t h e s e  products .  Unfo r tuna te ly ,  
pure products  of t h i s  type a r e  n o t  y e t  a v a i l a b l e .  

* 
Thus i t  would appear t h a t  any s y n t h e t i c  f a t  should have the fo l lowing  

c h a r a c t e r i s t i c s :  

a (a) 

( b j  They should be fed as  t r i g l y c e r i d e s  o r  e a t e r s  sf h ighe r  

The f a t t y  a c i d s  should be mostly o f  cha in  l eng th  c1O-c16. 

a l c o h o l s .  

( c )  A t  l e a s t  1% of t h e  t o t a l  f a t  should be e s s e n t i a l  f a t t y  
a c i d s .  

( d )  Odd carbon number a c i d s  can be t o l e r a t e d  b u t  t he  l e v e l  
of branching  and o t h e r  t ypes  of s u b s t i t u t i o n  must be low and w e l l  c o n t r o l l e d .  

( e )  Although t h e  e x t e n t  of u n s a t u r a t i o n  of t hese  a c i d s  does n o t  seem 
t o  be  of f i r s t  importance,  some degree of u n s a t u r a t i o n  i s  d e s i r a b l e  a l though 
excess ive  amounts can cause  problems of au tox ida t ion  

T h e o r e t i c a l  Eva lua t ion  of Product from the Ziegler  Reac t ion  

I n  the p rocess  based on the  Z i e g l e r  r e a c t i o n  (Table 16)  the  d i s t r i b u t i o n  
of f a t t y  a c i d s  i s  such as t o  provide  a s i g n i f i c a n t  peak a t  Cl1 t o  CZ1. 
d i s t r i b u t i o n  i s  s a t i s f a c t o r y  when compared t o  t h e  h y p o t h e t i c a l  requi rements  suggested 
above. On t h e  o t h e r  hand, t hese  are a l l  odd carbon f a t t y  a c i d s  f o r  which t h e r e  i s  
ano the r  problem. Although the  data sugges t s  t h a t  t he  f eed ing  of odd carbon f a t t y  
a c i d s  produces no d e l e t e r i o u s  e f f e c t ,  no long-term s t u d i e s  i n  which these  f a t t y  
a c i d s  were f ed  a t  h igh  l e v e l s  i n  t h e  d i e t  have been done. The b a s i c  q u e s t i o n  
invo lves  t h e  c a p a b i l i t y  of the enzyme systems conve r t ing  propionate  t o  s u c c i n a t e  t o  
handle  t h i s  l oad .  I f  t h i s  was p o s s i b l e ,  t h e  use of odd carbon f a t t y  a c i d s  may 
prove v a l u a b l e  i n  reducing  the carbohydra te  requirement i n  t h a t  p ropionate  i s  
g lycogenic  and odd carbon a c i d s  would, i n  e f f e c t ,  c a r r y  t h e i r  own carbohydra tes .  
A more s e r i o u s  problem e x i s t s  when contaminants are cons idered .  About 1-2% of t h e  
f a t t y  a c i d s  produced a r e  branched. 
branching ,  t h e  p o s s i b l e  t o x i c  and i n h i b i t o r y  e f f e c t s  m u s t  be cons idered .  Also, 
around 10% of t h e  f a t t y  a c i d s  a r e  oxy and keto a c i d s ,  c e r t a i n  of which a r e  known 
t o  be  t o x i c .  Problems due t o  o t h e r  p o s s i b l e  contaminants such as c a t a l y s t s  and 
s o l v e n t s  a r e  d i f f i c u l t  t o  e v a l u a t e  a t  t h i s  t i m e .  There i s  no ques t ion ,  however, 
t h a t ,  from a metabol ic  p o i n t  of view, s y n t h e t i c  f a t t y  a c i d s  of t he  p a t t e r n  suggested 
by t h e  Esso Research group could probably be  u t i l i z e d  i n  a normal d i e t .  
b e f o r e  such use i s  contemplated a g r e a t  deal more informat ion  would be r equ i r ed .  
I f ,  f o r  example, i t  could be determined t h a t  odd carbon a c i d s  could,  i n  f a c t ,  be 
u t i l i z e d  f o r  e x t e n s i v e  pe r iods  of t i m e ,  then some means of removing branched c h a i n  
and o t h e r  s u b s t i t u t e d  a c i d s  would probably have t o  be developed. I n  a d d i t i o n ,  i t  
must n o t  be  overlooked t h a t  t hese  f a t t y  a c i d s  would of n e c e s s i t y  have t o  be fed 
i n  t h e  form of polyhydr ic  a l coho l  e s t e r s  s ince ,  a s  d i scussed  e a r l i e r ,  f r e e  f a t t y  
a c i d s  and monoesters of methanol a r e  r e l a t i v e l y  t o x i c .  Thus i t  wouid appear  chac, 
wh i l e  t h e  p roduc t  proposed above i s  a good s t a r t  towards a s y n t h e t i c  f a t ,  much more 
in fo rma t ion  i s  r e q u i r e d  b e f o r e  any reasonable  e v a l u a t i o n  of the product i n  terms of 
n u t r i t i o n  and metabolism can be made. 

Th i s  

Depending upon t h e  p o s i t i o n  and n a t u r e  of t h e  

However, 
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CONCLUSIONS 

The s y n t h e s i s  of f a t t y  a c i d s  and l i p i d s  from simple was te  m a t e r i a l s  
such a s  C02 appears  f e a s i b l e  chemica l ly .  Of a l a r g e  number of cand ida te  methods, 
t h e  Z ieg le r  growth r e a c t i o n  of e t h y l e n e  t o  giveclf-olef ins  followed by o x i d a t i v e  
ozonolys is  t o  a c i d s  appea r s  t o  be t h e  most f e a s i b l e .  Only by t h i s  r o u t e  can 
reasonable  s e l e c t i v i t i e s  t o  m a t e r i a l s  having d e s i r a b l e  p r o p e r t i e s  be ob ta ined .  
However, from the eng inee r ing  s t a n d p o i n t ,  t he  s y n t h e s i s  of f a t t y  a c i d s  appears  t o  
be very complex and n o t  t o  be cons idered  s e r i o u s l y  a s  a source  of food on board a 
s p a c e c r a f t .  * 

The food v a l u e  of s y n t h e t i c  f a t s  has  n o t  been f u l l y  e s t a b l i s h e d ;  cons id-  
e r a b l e  c o n t r a d i c t o r y  evidence i s  a v a i l a b l e .  However, i n d i c a t i o n s  a r e  good t h a t  
such materials, i f  s u f f i c i e n t l y  f r e e  of undes i r ab le  i m p u r i t i e s ,  a r e  non- toxic  and 
may be n u t r i t i o n a l l y  u s e f u l .  S y n t h e t i c  f a t s  might be used t o  provide  50-60% of 
t h e  t o t a l  c a l o r i e s  i n  s p a c e c r a f t  d i e t s .  F a t s  a r e  the  most e f f i c i e n t  sources  of 
c a l o r i e s  on a weight b a s i s  and a r e  h igh ly  accep tab le  and s a t i s f y i n g  a s  foods.  

The s y n t h e s i s  of g l y c e r o l  i s  cons ide rab ly  l e s s  compl ica ted .  The e s t ima ted  
power requi rement ,  800 watts f o r  10 l b s .  of g l y c e r o l  (20,000 Kcal )  i s  only  about 
1/3 of t h a t  r equ i r ed  t o  produce 5 l b s .  (20,000 Kcal )  of f a t s .  Consequently,  
g lyce ro l  s y n t h e s i s  appears  f e a s i b l e .  Seve ra l  methods a r e  a v a i l a b l e .  The most 
promising involve  polymer iza t ion  of formaldehyde followed by hydrogenation o r  
hydrogenolys is  of the suga r s  ob ta ined .  N a t u r a l  g l y c e r o l  i s  a promising n u t r i e n t ,  
a t  l e a s t  i n  mixed d i e t s .  The va lue  of s y n t h e t i c  g l y c e r o l ,  which may c o n t a i n  
e thylene  and propylene g l y c o l s  remains t o  be e s t a b l i s h e d .  

Regard less  of t h e  type of m a t e r i a l  s e l e c t e d ,  cons ide rab le  a d d i t i o n a l  
r e sea rch  w i l l  be r e q u i r e d .  I n  the case  of f a t t y  a c i d s ,  t h e  most p r e s s i n g  needs 
are engineer ing  and n u t r i t i o n a l  s t u d i e s ;  f o r  g l y c e r o l  s y n t h e s i s  r e s e a r c h  i n t o  t h e  
chemis t ry  of t he  system i s  a l s o  i n d i c a t e d .  

F i n a l l y ,  i t  m u s t  be poin ted  o u t  t h a t ,  on any permanent o r  semi-permanent 
i n s t a l l a t i o n ,  such a s  an o r b i t a l  l a b o r a t o r y  o r  a moon base ,  e s p e c i a l l y  where t h e r e  
may be p a r t i a l  g r a v i t y ,  t he  process  would become more a t t r a c t i v e .  For such a p p l i -  
c a t i o n s  t h e  advantages of f a t s  a s  food, a p p e t i t e  s a t i s f a c t i o n  and resemblance t o  
n a t u r a l  m a t e r i a l s  might be of cons ide rab ly  g r e a t e r  importance.  
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RECOMMENDATIONS FOR FURTHER RESEARCH AND DEVELOPMENT 

Based upon the  r e s u l t s  of the l i t e r a t u r e  survey desc r ibed  above and 
upon the b e s t  judgment of a l l  who have been involved i n  t h i s  p r o j e c t ,  t he  fo l low-  
i n g  sugges t ions  f o r  f u r t h e r  r e s e a r c h  and development a r e  o f f e r e d .  A f t e r  some 
gene ra l  comments, more d e t a i l e d  recommendations a r e  made concern ing  each  of t he  
v a r i o u s  a s p e c t s  of f a t t y  a c i d  and g l y c e r o l  s y n t h e s i s .  These a r e  only  summarized. 
The r a t i o n a l e  governing the  sugges t ions  should be c l e a r  from t h e  preceding  sug- 
g e s t i o n s .  

General 

. 

The s y n t h e s i s  of compounds, modeled a f t e r  n a t u r a l  f a t s ,  from C02 on board 
a s p a c e c r a f t  i s  n o t  recommended. Although t h e  chemis t ry  appears  sound and power 
and weight  requi rements  a r e  n o t  excess ive ,  t h e  complexity and ques t ionab le  r e l i -  
a b i l i t y  of such a process  combine t o  make t h e  p r o b a b i l i t y  of success  i n  a f a i l  s a f e  
completely automated system ext remely  small. Consequently,  i t  would be p r e f e r a b l e  
t o  devote r e s e a r c h  e f f o r t s  and funds t o  i n v e s t i g a t i o n s  of o t h e r  systems. A more 
r a t i o n a l  approach would be t o  syn thes i ze  lower molecular weight  compounds ( e . g . ,  
g l y c e r o l ,  b u t a n e d i o l ,  suga r s  o r  g l y c e r i d e s  o f  lower a c i d s )  where t h e  p rocesses  a r e  
s impler  and t h e  p o s s i b i l i t i e s  of undes i r ab le  isomers g r e a t l y  reduced. 

The s y n t h e s i s  of g l y c e r o l  from C02 i s  e s p e c i a l l y  recommended. Glycero l  
i s  promising n u t r i t i o n a l l y  and any r easonab le  route  i s  much less complex than  
f a t t y  a c i d  product ion .  

Any chemical process  w i l l  have seve ra l  u n i t  p rocesses  i n  common. I n  t h e  
opin ion  of t h e  eng inee r s  involved i n  t h i s  study, t h e  b e s t  approach t o  s o l v i n g  
eng inee r ing  problems would be t o  work o u t  t h e  u n i t  p rocesses ,  i nc lud ing  equipment 
des ign  and t e s t i n g  under ze ro  g r a v i t y  cond i t ions ,  s e p a r a t e l y  r a t h e r  than t r y i n g  
t o  eng inee r  an e n t i r e  system. I n  f a c t ,  the  r e s u l t s  of such s t u d i e s  might have 
c o n s i d e r a b l e  b e a r i n g  on t h e  choice  of t h e  system. 

Syn thes i s  of Glycero l  

T h i s  i s  recommended a s  more f e a s i b l e  than the s y n t h e s i s  of f a t t y  a c i d s .  
Four methods show promise: 

(1)  
( 2 )  S y n t h e s i s  from ace ty l ene  and formaldehyde 
( 3 )  T r i m e r i z a t i o n  of formaldehyde 
( 4 )  Hydrogenolysis of ca rbohydra t e s  

D i r e c t  hydrogenation o f  carbon monoxide 

Methods ( 3 )  and ( 4 )  a r e  most h igh ly  recommended; (1) i s  simple b u t  poor ly  docu- 
mented and g i v e s  c o n s i d e r a b l e  e thy lene  g l y c o l ;  (2 )  i nvo lves  s e v e r a l  s t e p s  and 
r e q u i r e s  a l a r g e  energy i n p u t .  

There i s  l i t t l e  t o  choose between ( 3 )  and ( 4 ) .  Both involve  condensa- 
t i o n  of formaldehyde and hydrogenation of t h e  products  t o  g l y c e r o l .  I n  the  tr i-  
m e r i z a t i o n  r e a c t i o n ,  t he  major problem l i e s  i n  s topp ing  the condensa t ion  a t  the 
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t h r e e  carbon (g lycera ldehyde  o r  dihydroxyacetone) s t a g e .  A wide v a r i e t y  of c a t a l y s t  
combinations a r e  p o s s i b l e  f o r  t h i s  r e a c t i o n .  
type i n  con junc t ion  wi th  an a l k a l i n e  e a r t h  hydroxide i s  e f f e c t i v e  so t h a t  cons id-  
e r a b l e  r e sea rch  i n  c a t a l y s t  s e l e c t i o n  i s  i n d i c a t e d .  The mechanism of the  formal- 
dehyde condensatiqn i s  n o t  c l e a r l y  understood. 
Consequently, a b r i e f  mechanism study i s  recommended. 
t h i s  study, the development of a s u c c e s s f u l  s y n t h e s i s  of t h r e e  carbon sugars  might 
be based on:  

Almost any compound of t he  "enediol" 

Many v a r i a n t s  have been sugges ted .  
Based on t h e  r e s u l t s  of 

0 A phys ica l  s e p a r a t i o n  by s e l e c t i v e  c h e l a t i o n  o r  p r e c i p i t a t i o n  

0 Proper c a t a l y s t  s e l e c t i o n  t o  promote t r i o s e  format ion  
0 Reducing t h e  r e a c t i o n  r a t e  s u f f i c i e n t l y  t o  permit c o n t r o l l e d  

of t h e  t h r e e  carbon compounds a s  formed 

a d d i t i o n  of formaldehyde 

It appears p re fe rab ly  t o  sea rch  f o r  methods t o  g o ' d i r e c t l y  t o  the t r i o s e  r a t h e r  
than  to  form g l y c o l  aldehyde and then add a t h i r d  mole of formaldehyde. 

Hydrogenolysis of ca rbohydra t e s  (method ( 4 ) )  may have some s l i g h t  advan- 
tage over the t r i m e r i z a t i o n  r e a c t i o n .  
a r e  d i s t i n c t l y  favored i n  cha in  s p l i t t i n g  r e a c t i o n s .  The major i m p u r i t i e s  found 
a r e  the r e l a t i v e l y  non- toxic  propylene g l y c o l s  r a t h e r  than e t h y l e n e  g l y c o l  which 
i s  encountered i n  t h e  t r i m e r i z a t i o n  method. R e l a t i v e l y  l i t t l e  i s  known about i t s  
hydrogenolys is  r e a c t i o n  so t h a t  a f e r t i l e  f i e l d  f o r  f u r t h e r  s tudy  e x i s t s .  Again 
a wide v a r i e t y  of c a t a l y s t  and r e a c t i o n  c o n d i t i o n s  a r e  p o s s i b l e  and seem t o  have 
a g r e a t  e f f e c t  on y i e l d  and product d i s t r i b u t i o n .  

This  i s  t h e  f a c t  t h a t  t h r e e  carbon fragments 

Research i s  recommended on: 

0 K i n e t i c s  
0 C a t a l y s t  composition 
0 Hydrogen p r e s s u r e s  and tempera tures  
0 Solven t s  
0 Product i s o l a t i o n  and p u r i f i c a t i o n  

F i n a l l y ,  the r e a c t i o n  must be v e r i f i e d  on c rude  sugar  mix tu res .  
experiments employed a s i n g l e ,  pure hexose.  I t  should be noted  t h a t  the poss i -  
b i l i t y  e x i s t s  of i n t e g r a t i n g  t h i s  process  w i t h  the  s y n t h e s i s  of e d i b l e  ca rbohydra t e s .  
A f t e r  s epa ra t ion  of t h e  e d i b l e  p o r t i o n ,  t h e  remainder might be hydrogenolyzed t o  
g lyce ro l .  

Synthes is  of F a t t y  Acids and Glyce r ides  

Most r e p o r t e d  

Despite t h e  d i f f i c u l t i e s  expressed  above, i t  i s  recognized  t h a t ,  i f  o t h e r ,  
s impler  methods f a i l ,  t h i s  a r e a  may r e q u i r e  f u r t h e r  c o n s i d e r a t i o n .  Consequently,  
some s p e c i f i c  recommendations w i l l  be made. I n  g e n e r a l ,  t h e  problems, and they a r e  
formidable,  a r e  ones of eng inee r ing  r a t h e r  than  chemis t ry .  The chemical a s p e c t s  
of  each s t e p  of t h e  most promising s y n t h e s i s  a r e  w e l l  worked o u t  (wi th  t h e  p o s s i b l e  
exception of e t h y l e n e  s y n t h e s i s )  and e x t e n s i v e  a d d i t i o n a l  r e s e a r c h  would n o t  be 
needed. 
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Reduction Of Carbon Dioxide 

The e l e c t r o l y t i c  r educ t ion  of C 0 2  has been c a r e f u l l y  worked o u t  by the  
A i r  Force and r educ t ion  by hydrogen i n  a s i l e n t  and glow d i scha rge  by NASA. 
l a t t e r  i s  simply the  r e v e r s e  water  gas s h i f t  r e a c t i o n  which, i n  the p re sen t  s tudy,  
was deemed the  most promising of t h e  methods examined. There appears  t o  be no need 

The 

8 f o r  a g r e a t  d e a l  of a d d i t i o n a l  work i n  t h i s  area.  

Reductive Polymer iza t ion  of Carbon Monoxide 

The on ly  f e a s i b l e ,  documented, method i s  the Z i e g l e r  growth r e a c t i o n .  
The fo rego ing  s ta tement  i s  q u a l i f i e d  by the few r e p o r t s ,  i n  p a t e n t  a r t ,  of t he  
d i r e c t  s y n t h e s i s  of a l c o h o l s  by the  Fischer-Tropsch r e a c t i o n  wi th  ruthenium 
c a t a l y s t s  i n  hydroxyl ic  media. This  work i s  not convinc ing  bu t  i t  cannot be r u l e d  
o u t  and, i f  f a t t y  a c i d s  must be syn thes i zed ,  it i s  re'commended t h a t  t h e  ruthenium 
r o u t e  be examined f u r t h e r .  The Z i e g l e r  r e a c t i o n ,  on t h e  o t h e r  hand, i s  e x t e n s i v e l y  
documented. High y i e l d s  of l i n e a r  compounds, n e a r l y  100% of which i s  i n  an accep t -  
a b l e  molecular  weight range may be expected. It  i s  recommended t h a t  t he  d i s p l a c e -  
ment r e a c t i o n  w i t h  e thy lene  be used t o  p r o d u c e g - o l e f i n s .  
s t e p ,  i t  p r e s e r v e s  t h e  c a t a l y s t ,  t h e  l o s s  o f  which appears  t o  be p r o h i b i t i v e .  Any 
method which y i e l d s  a l c o h o l s  o r  a c i d s  d i r e c t l y  from t h e  aluminum a l k y l s  would 
d e s t r o y  the  c a t a l y s t .  The b a s i c  parameters f o r  t h e  Z i e g l e r  r e a c t i o n  have a l l  been 
e s t a b l i s h e d .  
t e s t i n g  and i n  n u t r i t i o n a l  e v a l u a t i o n .  

Although t h i s  a d d s  a 

The on ly  f u r t h e r  work envis ioned  would be i n  equipment des ign  and 

For t h e  s y n t h e s i s  of e thy lene  the d i r e c t  hydrogenation of carbon monoxide 
i s  recommended. An a l t e r n a t e  r o u t e  i s  the p y r o l y s i s  of methane t o  a c e t y l e n e  
followed by s e l e c t i v e  hydrogenat ion .  The d i r e c t  r o u t e  i s  s impler  and r e q u i r e s  
much l e s s  energy .  S e l e c t i v i t i e s  of 80% a t  36% convers ion  have been claimed f o r  
t h i s  r e a c t i o n .  It appea r s  t h a t  h ighe r  s e l e c t i v i t y  i s  p o s s i b l e  a t  lower convers ion .  
The c a t a l y s t s  used are complex and some f u r t h e r  r e s e a r c h  i s  i n d i c a t e d  t o  f i n d  t h e  
b e s t  ones.  

Conversion o f  O l e f i n s  t o  Acids 

The recommended procedure i s  ozonolys is  followed by o x i d a t i v e  c leavage  
of t he  ozonide .  D i rec t  ox ida t ion  of t he  o l e f i n  i s  so non- se l ec t ive  t h a t  i t s  
i n h e r e n t  s i m p l i c i t y  i s  outweighed by t h e  complicated recovery  scheme. 
y s i s  r e a c t i o n  r e q u i r e s  r e s e a r c h  f o r  proper choice of c o n d i t i o n s  and s o l v e n t .  The 
f r e o n s  a r e  p o t e n t i a l l y  u s e f u l  a8 t he  i n e r t  medium requ i r ed  t o  d i l u t e  t he  ozonide.  
The o x i d a t i v e  c leavage  of t he  ozonide should be i n v e s t i g a t e d  i n  o r d e r  t o  avoid us ing  
a non-regenerable  ox idan t .  A i r  o r  oxygen with a t r a c e  of ozone i s  t h e  s imples t  b u t  
per formic  a c i d  g i v e s  the b e s t  r e s u l t s .  

The ozonol- 

Ozonolys is  l e a d s  t o  s t r i c t l y  odd-carbon a c i d s .  I f  n u t r i t i o n a l  t e s t i n g  
i n d i c a t e s  t hese  a r e  unacceptab le ,  epoxida t ion  and regrrangement of t h e  Z i e g l e r  
o l e f i n s  o r  d i r e c t  s y n t h e s i s  of even-carbon a l coho l s  (by o x i d a t i o n  of t h e  aluminum 
a l k y l s )  r e p r e s e n t  t h e  most promising a l t e r n a t i v e s .  They would, of cour se ,  y i e l d  
e x c l u s i v e l y  even-carbon a c i d s .  
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Glyceride Formation 

Th i s  s t e p  should n o t  prove d i f f i c u l t .  The Germans used z i n c  d u s t  as a 
c a t a l y s t  and t h i s  i s  s u p e r i o r  t o  a c i d s  which o f t e n  give co lored  products .  I t  
appears ,  however, t h a t  no c a t a l y s t  i s  necessa ry .  Numerous r e p o r t s  of s u c c e s s f u l  
e s t e r i f i c a t i o n  under c o n d i t i o n s  o f  h igh  tempera tures  and low p r e s s u r e s  ( t o  d r i v e  
o f f  water)  have been found. Some work on the  r e f i n i n g  of t h e  products  w i l l  be 
necessary ,  however, Glycer ides  a r e  d i f f i c u l t  t o  p u r i f y .  

Engineering Recommendations 

This a r e a  r e q u i r e s  an immense amount of work i f  the  f a t t y  a c i d  p rocess  
i s  t o  be used. It  i s  recommended t h a t  development of c e r t a i n  u n i t  p rocesses ,  
common to any chemical s y n t h e s i s ,  be completed be fo re  an a t tempt  i s  made t o  eng inee r  
t h e  e n t i r e  system. These i n c l u d e :  

0 F r a c t i o n a t i o n  under ze ro  g r a v i t y  c o n d i t i o n s .  
0 Other g a s - l i q u i d  s e p a r a t o r s  ("knock-out" u n i t s ) .  
0 Compressors developing h igh  p r e s s u r e s  a t  low r a t e s .  
0 Multi-phase hea t  exchange equipment. 
0 Pumps which can handle ve ry  small  amounts of m a t e r i a l s  

a t  reasonable  power e f f i c i e n c i e s  and which have long  
l i f e  t imes.  

0 Liquid l e v e l  s enso r s  ( c o n t r o l s ) .  

A s  f a r  as t h e  system as a whole i s  concerned, i n s t rumen t ing  and automating the 
process  p re sen t  ex t remely  d i f f i c u l t  problems. Because of t h e  e x t e r n a l  c o n t r o l s  
r equ i r ed ,  i t  i s  no t  recommended t h a t  t h e  e n t i r e  u n i t  be spun t o  c r e a t e  an a r t i -  
f i c i a l  g r a v i t y  f i e l d .  C e r t a i n  p o r t i o n s  of i t ,  however, e s p e c i a l l y  f r a c t i o n a t o r s ,  
might have t o  be r o t a t e d .  

N u t r i t i o n  

A cons ide rab le  e f f o r t  w i l l  be necessa ry  i n  n u t r i t i o n a l  e v o l u t i o n  ir-  
r e g a r d l e s s  of which s y s t e m  i s  chosen f o r  f u r t h e r  s tudy .  The n u t r i t i o n a l  v a l u e  of 
s y n t h e t i c  f a t s  has  n o t  been f i r m l y  e s t a b l i s h e d .  The German work i n d i c a t e s  they 
a r e  non- toxic  i f  c a r e f u l l y  r e f i n e d  and f ed  i n  a mixed d i e l  b u t  c o n s i d e r a b l e  
cont roversy  e x i s t s  as t o  t h e i r  a c t u a l  food v a l u e .  I n  the case  of s y n t h e t i c  
g lyce r ides ,  t h e r e f o r e ,  t e s t i n g  would be necessa ry  t o  e s t a b l i s h :  

0 Acute and long  range t o x i c i t y  of t he  mixture  a c t u a l l y  

0 N u t r i t i v e  v a l u e  and me tabo l i c  f a t e  of odd-numbered f a t t y  

0 L i m i t s  of t o l e r a t i o n  of branched c h a i n  and oxygenated a c i d s .  
0 Molecular weight  range of a c c e p t a b l e  m a t e r i a l s .  
0 Maximum l e v e l s  a t  which the  s y n t h e t i c  m a t e r i a l  may be 

ob ta ined .  

a c i d s .  

i nco rpora t ed  i n  t h e  d i e t .  
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For g l y c e r o l  s y n t h e s i s ,  s p e c i a l  a t t e n t i o n  must be given t o  the e f f e c t s  of v a r y i n g  
amounts of propylene and e thy lene  g l y c o l s  on t h e  t o x i c i t y  and n u t r i t i v e  v a l u e  of 
the product .  The maximum t o l e r a b l e  l e v e l s  of t hese  i m p u r i t i e s  would p l ay  a 
cons ide rab le  p a r t  i n  des igning  the  s y n t h e t i c  p rocess .  

Acceptance 

It has  f r e q u e n t l y  been poin ted  out  t h a t  t h i s  may be the u l t i m a t e  l i m i t i n g  
f a c t o r  i n  u t i l i z a t i o n  of s y n t h e t i c  foods.  Considerable r e sea rch  i s  recommended i n  
formula t ion  of s y n t h e t i c  foods t o  approximate customary d i e t s  a s  c l o s e l y  a s  pos- 
s i b i e .  The combination of f a t s  and h igh -p rc t e in  materials i n t o  "baked" gnods of 
p l eas ing  f l a v o r  and cons i s t ency  i s  one i n t r i g u i n g  p o s s i b i l i t y .  
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